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Abstract 
Dual energy X-ray absorptiometry (DXA) is rapidly becoming more accessible 
and popular as a technique to monitor body composition, especially in athletic 
populations. Chapter 1 of this body of work established that although this technique 
has been traditionally used in a clinical setting to measure bone mineral content and 
bone mineral density, it has become recognised as a rapid and non-intrusive 
technique to estimate fat and lean mass for total body as well as regional body 
composition assessment. An assumption that underpins any type of physique 
assessment is that the technique is valid and reliable since invalid or unreliable 
techniques compromise the integrity of research findings or other interventions. 
Although studies in sedentary populations have investigated the validity of DXA 
assessment of body composition, it was noted that the issues of reliability have not 
been systematically examined in athletic populations.  
Chapter 2 reviewed the apparent use of DXA measurements of body 
composition of active or athletic populations from existing literature to ascertain 
current practices in the standardisation of scanning protocols. It noted the surprising 
lack of information on scanning protocols in study reports, although it is unclear 
whether researchers consider such standardisation unimportant to implement or 
whether such details are simply not reported. As a result of consideration of the 
various sources of error and variability in the measurement of body composition by 
DXA, a theoretical model of Best Practice was developed to standardise the conduct 
and analysis of a DXA scan. Components of this protocol included standardisation of 
subject presentation (subjects rested, overnight-fasted and in minimal clothing) and 
positioning on the scanning bed (centrally aligned in a standard position using 
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custom-made positioning aids) as well as manipulation of the automatic 
segmentation of regional areas of the scan results. 
The implications of the standardised protocol were recognised in that scans can 
only be undertaken in the morning, limiting the use of the DXA machine and 
focussing on a small window of opportunity in an athlete‟s daily timetable. Therefore 
it was important to measure the reliability of the protocol and the magnitude of the 
additional error involved in introducing variations that could make it more practical 
or universally applied in real-world settings. The first study (Chapter 3) investigated 
the technical (machine and technician) and biological (day-to-day random) 
variability in measurements of whole body and regional body composition using the 
standardised protocol. Specifically, the random biological variability during the 
period of a day and the specific variability introduced by the consumption of food 
and fluid before assessment were ascertained. Repositioning produced trivial typical 
errors for whole body composition, whereas regional body composition showed 
substantial errors. Daily activities and consumption of breakfast generally produced 
substantial increases in the typical error and mean of DXA estimates of total and 
regional lean mass, and associated body mass.  
An additional complication in undertaking the standardised DXA protocol on 
athletic populations lies in its requirement to have the subjects refrain from 
undertaking exercise immediately prior to the scan. Therefore, the next study 
(Chapter 4) investigated the reliability of DXA in measuring body composition; 
specifically to ascertain biological variability associated with two different types of 
exercise (cycling or strength-training session) under free-living conditions in active 
individuals. Exercise and its related practices of fluid and food intake are associated 
with changes in the mean estimates of total and regional body composition that range 
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from trivial to small but substantial. An exercise session also increased the typical 
error of measurement of these characteristics by ~10%.  
A practical problem in undertaking whole body composition assessment with 
DXA is that the DXA machine fails to accommodate the size of many athletes who 
are taller and/or broader than the active scanning area of the Lunar Prodigy DXA 
machine. The aim of the next study (Chapter 5) was to investigate the reliability of 
DXA measures of whole body composition summed from two or three partial scans. 
In simulating tall subjects, summation of partial scans that included the head scan 
over-estimated whole-body composition by ~3 kg of lean mass and ~1 kg of fat 
mass, with substantial technical error of measurement. In simulating broad subjects, 
summation of right and left body scans produced no substantial differences in body 
composition compared with those of the whole-body scan. Summing of partial DXA 
scans provides accurate body composition estimates for broad subjects, but other 
strategies are needed to accommodate tall subjects. 
The Best Practice DXA Scanning Protocol poses a challenge for practitioners 
and researchers. Therefore, the final study (Chapter 6) investigated the implications 
of undertaking DXA scans using the Best Practice Protocol or a less precise but more 
practical protocol in assessing training- and hydrotherapy-induced changes in body 
composition at baseline, after 3 weeks of overload training and after a 2 week taper. 
The standard deviations of change scores for total and lean mass from afternoon 
scans were approximately double those observed in the morning. There was little 
difference in change scores for fat mass. The effect of hydrotherapy on baseline-taper 
changes in lean mass was possibly harmful with standardised scans but unclear with 
afternoon random scans. Standardised morning and random afternoon scans gave 
similar possibly harmful effects of hydrotherapy on changes in fat mass. An 
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unexpected effect of cold water immersion would have been missed with the less 
precise scanning protocol. Practitioners should be caution when prescribing cold 
water immersion to athletes as part of recovery routine as it may attenuate some of 
the desirable physique changes achieved by intensive training.   
In summary, the results from the above-mentioned studies demonstrate the 
importance of undertaking DXA scans according to the Best Practice Protocol, which 
consisted of meticulous standardised techniques throughout the entire scanning 
process. Currently, smallest worthwhile effects of whole and regional body 
composition are statistically calculated as there are no published data. Therefore, 
body composition assessment implemented with such protocol ensures high level of 
precision so that any small changes in body composition are confidently detected and 
correctly interpreted. It is also envisaged that the Best Practice Protocol will assist 
future research in the determination of functionally-based smallest worthwhile 
effects, which are highly warranted information.  
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Chapter 1: Introduction 
Body composition and physique traits are among the factors known to 
influence success in many sports (25, 31, 38, 39, 74, 103, 105, 116, 126, 135) and 
their assessment or manipulation is the primary reason for an athlete to seek the 
services of a sports dietitian (personal communication, AIS Sports Nutrition). 
Characteristics of importance include height, body mass, absolute and relative 
measures of muscle, fat and bone, as well as other characteristics such as lengths, 
circumferences, breadths, and composition of various regions (65, 73). For the 
purposes of this work, we will refer to any of these features collectively or 
individually as physique traits. Different situations in which the assessment of 
physique characteristics of an athlete or group of athletes is utilised in sport include: 
 Observation of physique characteristics associated with different sports or 
different subgroups or positions within a sport. Such assessments might be 
to establish norms or ranges which are commonly seen among special 
populations; the results may be used as part of the screening tools 
employed in talent identification programs, selection criteria or to guide 
the preparation of already established athletes. 
 Effects of components of physique with a parameter of interest related to 
performance or clinical outcomes (e.g. correlations between leg muscle 
mass and cycling peak power, lean mass and stress fractures, or rate of 
change in body fat and upper respiratory tract infections). 
 Comparison of physique assessment techniques, especially to measure 
reliability or validity against an accepted reference method. 
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 Development and validation of regression equations in specific sub-
populations that will improve prediction of body composition from a less 
direct or more practical measurement techniques (e.g. skinfold equations). 
 Identification of an athlete‟s suitability to meet a competition weight target 
or assess their suitability to train within weight division in weight-
regulated sports such as wrestling, or lightweight rowing. 
 Monitoring of changes in physique characteristics in individual athletes as 
a result of a specific intervention or period (e.g. growth spurt, 
manipulations of training and diet, period of injury and rehabilitation). 
 Longitudinal tracking of physique changes in individuals or groups over 
cycles, seasons or entire duration of a sporting career. 
 
To be suitable for any of these applications, body composition assessment 
techniques need to achieve a high level of reliability and validity. Furthermore, to be 
used within the realms of elite sport, they must also fulfil practical criteria including 
availability, portability, flexibility to accommodate unique physique characteristics 
of some athletes, cost-effectiveness, safety, ease of operation and appropriate 
technician requirements for data collection and interpretation. Some techniques may 
be established as research or criterion techniques which are used infrequently and for 
special projects, while others are needed for day-to-day activities of the sports 
scientists who are actively engaged in the preparation and training of athletes. The 
techniques commonly available for use in sport are summarised in Table 1.1, along 
with their major features. Before any body composition assessment is undertaken, it 
is important for a sports scientist to understand each technique‟s application, 
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underlying assumptions, strengths and weaknesses. To account for the limitations 
involved with any individual physique assessment technique, a combination of body 
composition data collected from several techniques (multi-compartment model) is 
now accepted as the reference technique or “gold standard” (1, 167).  
 
Table 1.1. Brief overview of commonly available physique assessment tools 
Technique Measurements Major use Strengths Weaknesses 
Surface 
anthropometry 
(skinfolds, lengths, 
girths, breadths) 
Skinfolds: 
thickness of 
double layer of 
skin and 
compressed 
subcutaneous 
tissue. Can use 
fractionation 
technique in 
conjunction with 
lengths, girths & 
breadths 
measurements to 
estimate total 
body fat and 
lean mass. 
Field Initial outlay 
for equipment 
is inexpensive. 
Portable and 
suitable in the 
field.   
Indirect measure of 
absolute fat and muscle 
mass. Duration of test 
depends on the number of 
variables being measured, 
and requires a trained 
technician. Quantification 
of changes in regional 
muscle mass is crude.  
Hydrodensitometry 
(under-water 
weighing) 
Body density 
(can be used to 
estimate % body 
fat). 
Laboratory Initially 
accepted 
method. 
Initial outlay for 
equipment is expensive.  
Tests are time consuming.  
High subject burden.  
Assumes density of fat 
mass and fat-free mass to 
be constant. Regression 
equations are not suitable 
for calculation of body 
composition from body 
density measurements, 
especially in athletic 
populations. 
Bio-electrical 
impedance (BIA) 
Total body 
water (can be 
used to estimate 
% body fat). 
Laboratory 
and field 
Initial outlay 
of equipment 
is inexpensive.  
Tests are fast 
and portable 
in the field.   
Results are greatly 
influenced by hydration 
status. 
Air-displacement 
plethysmography 
(Bod Pod) 
Total body 
volume (can be 
used to estimate 
% body fat). 
Laboratory Tests are fast 
with less 
subject 
burden.   
Initial outlay of equipment 
is expensive. Regression 
equations are not suitable 
for calculation of body 
composition from body 
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density measurements, 
especially in athletic 
populations. 
Dual-energy X-ray 
absorptiometry 
(DXA) 
Total and 
regional bone 
mineral content, 
fat mass and 
lean mass. 
Laboratory Tests are fast 
and provided 
detailed body 
composition 
estimates. 
Initial outlay of equipment 
is expensive. Requires a 
trained technician. 
Technique exposes 
subjects to small amount 
of radiation.  
Multi- compartment 
models 
Fat mass, body 
density, total 
body water, 
bone mineral 
content. 
Laboratory Currently 
accepted as 
the reference 
method.  
Initial outlay for 
equipment is expensive. 
Tests are complex and 
time consuming.  
 
Dual-energy X-ray absorptiometry (DXA) is mainly used in a clinical setting to 
measure bone mineral content and density at specific bone sites to diagnose 
osteopenia and osteoporosis. It is considered the gold standard technique for such 
assessments (12, 75). However, DXA is also becoming popular as a tool to measure 
body composition: its ability to assess whole-body and regional body composition 
offers invaluable insights to both health practitioners and sports scientists in 
understanding and monitoring changes in body composition (or physique traits). 
Currently DXA technology is making a transition from a laboratory research tool to a 
servicing tool in the sports setting.  It is emerging as a physique assessment tool that 
is accessible through sports institutes, sports science sports medicine centres, as well 
as being commercially available in the general community through sports 
practitioners. 
The initial aim of the thesis was to investigate the application of DXA in 
athletic settings. Specifically, we aimed to longitudinally profile a range of athletes, 
as well as to investigate correlations between body composition and performance; 
these applications are of high interest to elite athletes. However, the completion of a 
literature review on body composition by DXA revealed that although its validity in 
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the general population has been well established, its reliability, particularly in athletic 
populations has not been thoroughly investigated. Indeed, as will be subsequently 
presented in this thesis (Chapter 3), we failed to find evidence that appropriately 
standardised techniques are being implemented in the research settings in which 
DXA is currently being applied to measure body composition in athletes.  Therefore, 
we quickly realised that in the absence of confidence that DXA can be used to 
measure body composition with a precision that allows the previously outlined 
applications to be achieved, it would be impossible to fulfil our original goals. 
 It appears that many practitioners and researchers have quickly accepted this 
relatively new body composition assessment technique without a full appreciation of 
its precision or ability to detect changes or differences in physique that could be 
important to an athlete. Precise and reliable measures of body composition are 
particularly important in being able to identify small but important changes in body 
composition of elite athletes that are anticipated or observed over a season or as a 
result of an intervention. The disadvantages of an unreliable technique include 
compromising the integrity of the research findings and increasing the risk of Type II 
errors. This may limit our ability to detect characteristics or interventions that could 
make a meaningful difference to sports performance.. In the case where this leads to 
the misclassification of athletes into weight class or sport, the outcomes could span a 
potential health risk for the individual to competitive unfairness in the event.   
Therefore, before DXA can be fully utilised in the sports setting, its specific 
reliability in measuring body composition of athletes must be established.
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Chapter 2: Review of the literature 
This chapter will provide an overview of the current literature surrounding 
DXA technology and its application in body composition assessment. Its specific 
application in athletic populations and any gaps in the literature related to DXA use 
in a sports setting will be noted. A literature search using PubMed 
(www.ncbi.nlm.nih.gov/pubmed/) for publications of interest written in English from 
1990 to 2012 was performed, with further references being found through 
“snowballing” effect. The following keywords were used: DXA, DEXA, dual-energy 
X-ray absorptiometry, reliability, athlete, sport, body composition, fat, body fat, lean, 
muscle mass. Other sources of grey literature materials were unpublished work (e.g. 
PhD or Master theses), unpublished data or posters, which were acquired through 
personal communication with researchers through personal contacts, 
recommendations by others, or conferences. 
 
2.1 DXA TECHNOLOGY 
There are currently three commercial manufacturers of DXA machines: GE 
Lunar Radiation Corp (Madison, Wisconsin), Hologic Inc. (Waltham, 
Massachusetts) and Norland Medical Systems (Fort Atkinson, Wisconsin). Although 
each manufacturer uses slightly different technology, every DXA machine contains 
three essential components: two sources of X-ray energies, a detector and a computer 
interface. The DXA machine emits two different sources of X-ray energies which 
pass through different tissues in the body (87). The detector then measures the 
attenuation ratio of these two energies (commonly referred to as R value) in each 
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pixel of the body, with the computer converting the ratio of each individual pixel 
using the manufacturer‟s proprietary equations into whole-body output in three 
different components. In this way, most DXA machines are able to provide a 
measure of bone mineral content, lean mass and fat mass for the whole body as well 
as for regional areas (right and left sides of arms, legs and trunk) (Figure 2.1). 
 
 
Figure 2.1. DXA technology, adapted from Toombs et al. (149). 
 
The three commercial manufacturers of DXA machines make use of three 
different types of beam technologies: pencil-, fan-, and narrow-fan beams. The type 
of beam technology controls the path of the X-ray beam, and therefore determines 
the scanning time, radiation exposure and potentially the accuracy of the estimates.  
Pencil-beam is regarded as more accurate, but the scanning time per one whole-body 
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scan is also relatively long (up to ~17 min) (79, 149). On the other hand, fan-beam 
densitometers are considerably faster in scanning time, however, they are known to 
produce magnification errors (geometric distortions inherited from magnification of 
scanned structures as the distance from the X-ray source decreases) (45, 151, 152) 
and exposed subjects to higher radiation exposure compared to pencil-beam (136). 
The effect of magnification has been shown to affect measurements of bone mineral 
content, bone area and parameters of hip geometry (45, 151, 152). The newer 
technology, narrow-fan beam (e.g. GE Lunar Prodigy), is the compromise of older 
technologies where it has the advantage of fast scanning time (~5 minutes), while 
potentially producing less magnification errors compared with a fan-beam 
densitometer (99, 104, 149).  
Although DXA technology exposes subjects and technicians to radiation, the 
dose is small. A typical DXA machine (e.g. GE Lunar Prodigy) exposes subjects to a 
radiation dose of approximately 0.5 µSv per one whole-body scan (111, 149), this is 
approximately equivalent to 1/100
th
 of a radiation dose from a typical chest X-ray or 
a single long haul airflight (7, 111). A summary of radiation doses to which people 
are exposed in everyday life is shown in Table 2.1.   
 
Table 2.1. Comparison of radiation dose from various sources 
Source Radiation dose 
DXA (whole-body, GE Lunar Prodigy) 0.5 µSv 
Chest X-ray 25-60 µSv 
Thoracic multi-slice computed tomography ~7000 µSv 
Trans-Pacific return flight (cosmogenic burden) ~50 µSv 
Natural background (all sources) 5-8 µSv/d 
Data adapted from the 2009 ANZBMS Clinical Densitometry Manual (8, 111)  
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2.2 VALIDITY OF DXA TECHNOLOGY 
2.2.1 Comparison with the criterion technique 
The interpretation of body composition measurements via DXA, as is the case 
for any measurement of physique, requires an appreciation of the validity and 
reliability of the technique. Validity refers to the agreement between the value of a 
measurement and its true value (52). Validity is important for the precision of a 
single measurement, and poor validity of a measurement reduces the ability to 
characterise relationships between variables in descriptive studies (52). While studies 
in general populations have investigated the validity (comparing results of body 
composition measurement from other indirect techniques) and reliability of DXA 
assessments of physique (79, 149), there are fewer studies related to these issues in 
athletic populations. Reliability refers to the reproducibility of the observed value 
when the measurement is repeated (52). Reliability is also important for the precision 
of a single measurement, and it also has an impact on the ability to measure changes 
between repeated measurements. This is an important consideration if DXA is to be 
used to assess body composition in athletic populations, specifically in changes in 
body composition measurements throughout the athlete‟s life cycle or following a 
nutrition and/or training intervention.  
To date, direct chemical validation studies using human cadavers, a technique 
regarded as the criterion measure, have not been conducted to evaluate the validity of 
DXA. However, there are several previous animal studies where direct chemical 
analysis has been used to validate lean and fat mass measured by DXA and the 
correlations between the two methods have been generally high (34, 82, 114, 134, 
143). However, due to the relative differences in anatomy and body size, as well as 
the difference in lean and fat mass distribution, the translation of these findings to 
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humans is questionable. Due to the lack of cadaver studies, the multi-compartment 
model, particularly the four-compartment model, is regarded as the criterion method 
in determining body composition (1, 51, 110, 162). In the four-compartment model, 
body fat is estimated from body density (measured by hydrodensitometry or air 
displacement plethysmography), while correcting for assumed total-body water and 
bone mineral mass using direct measures of these individual components, including 
deuterium dilution and DXA, respectively. Differences in body composition 
estimates have been found between DXA and the multi-compartment models, 
whereby DXA generally underestimates fat mass, particularly in leaner subjects (6, 
158, 168). Although this may have implications for athletic populations, it is also 
important to note that underestimation of body fat was not always observed (124, 
166).  
Although clearly desirable, the number of validation studies comparing DXA 
with the multi-compartment models is not extensive. This is understandable since the 
process of undertaking multi-compartment models is not only expensive (in terms of 
equipment and consumable costs), but also time consuming and labour intensive (1). 
In addition, given the variation in brands and types of DXA machines currently 
available, as well the differences in subject characteristics in studies (e.g. wide 
variation in percent body fat ranging from the athletic to obese populations), a clear 
extrapolation and interpretation of the validity of DXA estimates of body 
composition is difficult.    
DXA measurements of body composition have also been compared with the 
results achieved by computed tomography (CT) or magnetic resonance imaging 
(MRI). Kim and colleagues (61) compared total-body skeletal mass using whole-
body multi-slice MRI with appendicular lean soft tissue mass estimated from a 
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whole-body DXA scan (Lunar DPX) in a large number of middle aged men and 
women. They found a high correlation between the variables (n = 321, R
2
 = 0.96, 
p<0.001, standard error of the estimate = 1.63 kg). Another study by Glickman et al. 
(43) found abdominal fat mass of the L1-L4 region of interest as measured by DXA 
was ~26% lower (significant, p<0.0001) than multi-slice CT‟s estimated fat mass. 
However, a high correlation (r = 0.967, p<0.0001) between the techniques was 
found. 
In summary, although the level of evidence is less than desirable, the 
differences between DXA estimates of body composition and other techniques, 
including the gold standard multi-compartment model are generally, but not always, 
small. As a result, many consider DXA as a practical, simple and safe technique to 
assess body composition (6, 112, 129, 158).   
 
2.2.2 Cross-comparison between DXA machines 
One of the limitations of the DXA system is the difference in body 
composition estimates between DXA manufacturers (113, 133, 152), different beam 
technology within the same manufacturer (22, 55, 56), different machines (104, 152), 
and different software versions (62, 159). It is not known if there are differences in 
body composition estimates between 2 DXA machines of the same manufacturer, 
type and software version. For longitudinal studies where there is a change or 
upgrade in the system and body composition results are being compared with the 
previous scans, a centre-specific cross-calibration study is recommended to obtain 
regression equations so that serial results can be accurately interpreted (55). This 
technique was demonstrated by Hull and group (55) who compared measurements of 
body composition of 99 healthy subjects scanned by three DXA systems within a 3-h 
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period: a pencil-beam (Lunar DPXL) and 2 fan-beam (Lunar Prodigy and iDXA). 
Differences in body composition estimates enabled calculation of translation 
regression equations between different systems. Although the development of 
specific translation regression equations is highly recommended, the ability to derive 
such equations may not be possible or practical in some settings; for example, the 
testing facility may not be able to accommodate 2 DXA machines at the same time. 
In such case, the authors recommended that their existing equations could be used 
(55). However, the use of these equations require caution as these equations were 
derived from the general population and likely to be inapplicable to the athletic 
populations who display different physiques. In fact, sex-differences in some 
measurements between systems have been found (55). Therefore, derivation of 
regression equations should not only be centre-specific, but also population-specific.  
 
2.3 LIMITATIONS OF DXA TECHNOLOGY AND ITS UNDERLYING 
ASSUMPTIONS 
There are a number of limitations in the application of DXA technology to 
measure body composition including soft tissue estimation, beam hardening effect, 
soft tissue hydration and limiting scanning area.  
 
2.3.1 Soft tissue estimation 
In theory, only two tissues can be estimated from the two different energies 
emitted by DXA at one time (4, 71, 100, 108). Consequently, in areas where bone is 
not present, soft tissues (lean and fat mass) are estimated from solving known 
attenuation equations. In bone-containing areas, on the other hand, soft tissue 
estimates are extrapolated from neighbouring areas containing soft tissues only. 
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DXA assumes constant segment uniformity in tissue composition (e.g. the amount of 
fat over bone is the same as that in the adjacent soft-tissue background) (4, 100). 
However, Tothill et al. (153) found the non-uniformity of fat distribution in the 
abdomen to cause a small overestimation in spine bone mineral content. Since our 
body contains one-third bone-containing pixels, it is therefore suggested that 
estimation of soft tissues in high bone-containing areas such as thorax, arms and 
head may be inaccurate (1, 4, 120).   
 
2.3.2 Beam hardening effect 
Another potential source of error in body composition estimation by DXA is 
from the “beam hardening” effect (108). This is the term used to describe the 
preferential loss of lower energy photons relative to high-energy photons as a result 
of increasing body thickness (64, 112). The subject‟s thickness can alter the 
attenuation ratio (R values), which consequently affect the estimation of body 
composition. A few studies (57, 72, 112) have found DXA to overestimate percent 
body fat as body thickness increased, but this is not universally observed (58, 150). 
In particular, Jebb et al. (57) reported an overestimation of fat mass at both extremes 
of the range of depth, but especially at depth >25 cm. They also reported significant 
bone mineral density measurement error in subjects with <5% body fat or when the 
body thickness is >25 cm. Similar results were also observed by Laskey et al. (72) 
where error in fat mass estimation increased from 4% at simulated soft tissue depths 
below 20 cm to 25% at 22 cm depth. This means that body composition results 
obtained from DXA may be systematically different between a thin and obese person 
(71, 120), and potentially between a lean endurance athlete and a rugby player. The 
effect of body thickness may also have implications when DXA is used to track 
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changes in body composition over time where large changes in body composition 
could occur, for example, during large gains of muscle mass in developing athletes. 
Manufacturers have claimed to improve software in an effort to overcome this issue 
(4, 64, 71), while a recent review has shown good agreement between fan-beam 
densitometers and the four compartment reference model (149). Nevertheless, 
accuracy in body composition in various tissue thicknesses is still questionable until 
further studies are conducted.  
 
2.3.3 Soft tissue hydration 
DXA technology assumes that soft tissues are normally hydrated for accurate 
partitioning into fat and lean fractions (71, 110). It assumes that there is a constant 
and uniform fat-free mass hydration of 73% (109), however, a review by Lohman et 
al. (79) suggested that the hydration of fat-free mass in humans can range between 
72-74.5%, whereas earlier work by Moore et al. (94) found a larger variation in 
hydration between 67-85%. These variations would be expected to cause detectable 
variability in estimation of fat-free mass. In contrast, differences in hydration of fat-
free mass result in a minor effect on estimation of accompanying fat mass (59, 79).  
Kohrt (64) used a theoretical calculation to demonstrate that a change in ±5% of fat-
free mass hydration resulted in <0.5 kg error in fat and fat-free mass estimation. 
Simulations by Pietrobelli et al. (109) also support these findings; a fat mass error of 
<1% was predicted with hydration changes of 1-5%. Similarly in Prior et al. (112), 
only 0.4 kg change in fat mass was observed with a 5% change in fat-free mass 
hydration. However, errors in soft tissue estimation could potentially increase if soft 
tissue is severely over-hydrated by 20-25%  (e.g. ascites, oedema) (109). 
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2.3.4 Limited scanning area 
One of the limitations of the DXA machine is the size of the active scanning 
area. Since DXA was developed to measure bone mineral content to diagnose 
osteoporosis, the machine was designed to reflect the profile of the targeted group, 
particularly an elderly population, and of targeted bone regions. The typical 
dimensions of the scanning area of most commercial DXA machines are 60-66 cm 
wide by 193-198 cm long, while the actual scanning area which must accommodate 
an empty space at the commencement of the scan to initiate readings is smaller than 
the stated scanning dimensions. This is clearly problematic for the athletic 
populations in which height is a favourable characteristic and athletes are commonly 
more than 195-200 cm tall (e.g. volleyball and basketball players, or male rowers). 
Similarly, trunk breadth and large muscle mass are favourable for other sports (e.g. 
body building, rowing, rugby codes) and body dimensions of many athletes when 
positioned to allow separation of their arms, also exceeds the width of the active 
scanning area of the DXA machine. This problem will have implications for both the 
validity and reliability of results.   
Several techniques have been suggested to overcome the limitations of the 
small scanning area when assessing larger individuals like athletes. For example, tall 
athletes can be scanned with the exclusion of the head or feet, or scanned with bent 
knees to allow both the head and feet to be included in the scan (37). However, 
investigation of this protocol found that total bone mineral content and fat mass were 
overestimated by ~2.6% and ~9.2%, respectively, while lean mass was 
underestimated by ~4.0%, when compared with standard positioning (127). An 
alternative was suggested by Evans et al. (37) who demonstrated that whole-body 
composition can be accurately estimated by summing two partial scans. It was found 
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that dividing the body at the neck (superior aspect of the shoulders) provided better 
body composition estimates than dividing the body at the hip (proximal femurs 
bisecting the femoral necks) (37), at least when using a Hologic QDR/W100 scanner 
(pencil-beam). In a more recent study, 31 athletes and 65 non-athletes underwent 3 
scans performed using Hologic Explorer-W fan-beam DXA: a whole-body scan 
(reference scan), a head scan and a trunk and limbs scan (123). Although non-
significant differences between the reference whole-body scan and the alternative 
method (sum of head scan and the trunk and limbs scans) were found for lean and fat 
mass (bias: fat mass 0.06 kg and lean mass -0.08 kg), however, there was variability 
in individual error (95% limits of agreement: -0.93, 1.06 kg for fat mass and -1.17, 
1.00 kg for lean mass). To date, however, comparisons between these different 
scanning options to accommodate larger physiques have not been thoroughly 
investigated, particularly when combinations of techniques might be needed. 
Variations for systematic study include summing of two horizontal scans (tall 
people), knees bent (tall people), summing of two vertical scans (broad people), 
extrapolating whole body composition from measurements of one side of the body 
(broad people) or “mummy wrapping” technique (wide people, but losing regional 
body composition estimates). In addition to the technical difficulties of measuring 
large individuals, the inability to scan tall individuals poses a further validation issue 
regarding the use of DXA in athletic populations. For example, if a validation study 
chooses to simply exclude tall individuals from their samples, they add a selection 
bias to the results. Alternatively, if they are included in the studies, greater errors 
may be introduced.  
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2.4 CURRENT PHYSIQUE ASSESSMENT PRACTICES IN ATHLETES 
The current “benchmark” technique for physique assessment of elite Australia 
athletes is surface anthropometry. The International Society for the Advancement of 
Kinanthropometry (ISAK) has developed international standards for the protocols 
and sites of assessment of various measures of subcutaneous fat, breadths, widths, 
lengths and circumferences which make up surface anthropometry information (102). 
The ISAK standards and guidelines are endorsed by the Laboratory Standards 
Assistance Scheme (LSAS) of the Australian Sports Commission (ASC), and 
Exercise and Sports Science Australia (ESSA) for use in the preparation of 
Australian athletes. Schemes for the training of ISAK-accredited anthropometrists 
and the calibration of equipment tools used to undertake anthropometric assessments 
are supported by the National Sport Science Quality Assurance Program (NSSQAP) 
of the network of sports science institutes and academies in Australia. This has been 
successful in harmonising the protocols for physique assessment of athletes within 
this sporting system as well as most professional sporting codes in Australia (24). 
The decision to adopt ISAK-accredited surface anthropometry as the accepted 
technique for physique assessment of Australian athletes was based on its relative 
ease, practicality, and cost-effectiveness of implementation, once a scheme of 
standardisation and quality assurance is in place.  
Since the implementation of this scheme in 1989, measurement of skinfolds 
from various body sites by a trained anthropometrist has been the primary source of 
information on the body composition of athletes available to athletes, coaches and 
scientists within the Australian sporting system. Although basic, measurement of 
skinfold thickness has been considered a valuable proxy for whole-body adiposity 
and a reliable tool to track fat patterning over time (1, 21), however, it does not 
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provide information on the absolute amount of fat mass. It is also recognised that 
skinfolds correlate poorly with fat-free mass (117) and offer little insight into 
quantitative changes in total or regional muscle mass (18, 138). To overcome this 
limitation, the collection of additional anthropometric measurements such as girths 
and breadths can been used to estimate total muscle mass via the fractionation 
technique (32), although there are concerns over the sensitivity of this estimation 
(60). As a result, fractionation may not be appropriate when attempting to quantify 
skeletal muscle mass in athletes, especially for those with significant muscle 
hypertrophy (60). A further complication to this technique is that the completion of 
the standard anthropometric profile necessary for the fractionation technique, as is 
recommended by ISAK standards requires ~30-40 minutes. This method may not be 
practical and time efficient to undertake in one testing session for a squad of athletes. 
Therefore there is an interest in developing alternative techniques that are suitable for 
field and laboratory use. 
2.5 APPLICATIONS OF DXA TO SPORTS 
Although surface anthropometry protocols are still the major source of 
information on body composition of athletes within Australian sports systems (see 
Section 2.4 for details), the increased availability or popularity of new techniques of 
physique assessment have enabled them to be considered by sports scientists as 
additional tools for use in the everyday preparation of athletes. In particular, 
increased access to DXA technology through sporting institutes, universities or 
commercial radiology clinics has generated interest in its potential to provide rapidly 
generated and detailed information on body composition (fat mass, lean mass and 
bone mineral content) for total body as well as regional body areas (right and left 
sides, arms, legs and trunk). A cursory summary of the advantages and disadvantages 
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of the use of DXA for physique assessment of athletes is provided in Table 2.2, while 
the limitations of DXA, previously identified in its use for monitoring body 
composition in the general population, merit specific exploration in relation to 
athletes. 
 
Table 2.2. Advantages and disadvantages of DXA (GE Lunar Prodigy) for physique 
assessment of athletes 
Advantages Disadvantages 
 Suitable for most athletes 
 Fast (~5 min) 
 Able to provide regional body composition 
 Low radiation dose (~0.5 µSv) and safe for 
sequential measurements 
 Non-intrusive 
 Expensive equipment 
 Not portable 
 Scanning bed is smaller than typical 
physique of many athletes 
 Trained technician required 
 Unable to directly compare results between 
different DXA machines (need specific 
regression equations) 
 
One of the concerns with the DXA technology is its radiation exposure. 
Although a radiation exposure from one whole-body DXA scan is small (e.g. 0.5 µSv 
for GE Lunar Prodigy scanner), cumulative exposure from serial scanning as part of 
routine longitudinal tracking over time could be significant for athletes who may be 
exposed to ionising radiation from other diagnostic imaging techniques (28, 107) or 
frequent aeroplane travelling more often than members of the general community. In 
Australia, legislative requirements and regulations differ regionally. However, the 
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) is the 
regulatory body with underpinning legislation. The Code of Practice from 
ARPANSA‟s Radiation Protection Series No. 1 and No. 8 state the exposure limits 
for the general public to 1 mSv per year and to volunteer in research to 5 mSv per 
year. The total amount of radiation exposure an athlete would typically receive from 
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routine body composition monitoring by the DXA up to 6 whole-body scans per year 
(~3.0 µSv) is well below the ARPANSA guidelines. Nevertheless, the total number 
of scans undertaken per year, should be capped, and strictly documented and 
monitored to prevent unnecessary radiation exposure.  
 
2.5.1 Specific validity in athletic populations 
Comparison with the criterion technique 
There have been a few indirect studies of the validity of DXA technology in 
physique assessment in athletic populations (6, 93, 124, 129, 168) as most validity 
studies have been undertaken in the general population (obese and non-obese 
subjects). Studies involving athletic populations are presented in Table 2.3 and 
appear to show equivocal findings. Two studies undertaken with pencil-beam found 
DXA to underestimate body fat (by ~1-4%), when compared with the four-
compartment model, particularly in leaner individuals. They also found pencil-beam 
to overestimate fat-free mass by up to ~2.5 kg (6, 168). These results were in contrast 
to the other two pen-beam studies. Specifically, they found DXA to overestimate 
body fat by up to ~4% and underestimate fat-free mass by ~1 kg (129, 160). In 
studies that have used narrow-fan or fan-beam technologies, body fat was 
overestimated by up to ~3-4% and fat-free mass was underestimated by up to 3 kg 
(93, 124).  
Conflicting findings can be explained in several ways. Firstly, there have been 
a mixture of beam technologies used in the validation studies and it is known that 
some of the errors associated with DXA, such as the “beam hardening” effect, are 
expressed differently with the various technologies (158). Furthermore, these studies 
were also undertaken with different types of DXA machines and analysis software, 
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thus making direct comparison difficult. Finally, the wide variation in percent body 
fat among these validation studies (% body fat ranged from 16-25%) may have partly 
explained the equivocal results (93).  Despite these issues, it is assumed that the 
validity of measurements of body composition of athletes is acceptable. 
  
2
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Table 2.3. Comparison of percent body fat and fat-free mass measured by DXA and the four-compartment model (4C) in the athletic or active 
populations. 
Study Subjects
a
 %BF (DXA)
a
 DXA machine Type of 
beam 
Mean difference in %BF 
between DXA & 4C 
(95% LOA) 
Mean difference in 
FFM (kg) between 
DXA & 4C (95% 
LOA) 
Arngrimsson et al. (6) 12 M runners (21.4 ± 1.9 yr) 
& 10 F runners ( 21.1 ± 3.6 
yr) (+ controls) 
M: 6.6 ± 2.0 
F: 17.1 ± 4.0 
Hologic QDR-1000W Pencil Underestimate* 
M: 2.9% (1.2-6.5% BM) 
F: 4.0% (0.3-10% BM) 
Overestimate (data 
not shown) 
Withers et al. (168) 12 trained M (22.3 ± 5.1 yr) 
and 12 trained F (23.8 ± 5.7 
yr) (+ controls) 
M: 8.6 ± 2.8 
F: 15.1 ± 3.0 
Lunar DPX-L Pencil Underestimate* 
M: 3.5% (NR) 
F: 1.3% (NR) 
Overestimate 
M: -2.4 kg (NR) 
F: -0.9 kg (NR) 
Silva et al. (129)
b
 46 active boys (15.3 ± 1.2 
yr) & 32 girls (15.1 ± 0.3 yr) 
Boys: 14.1 ± 5.1 
Girls: 23.5 ± 6.8 
Hologic QDR-1500 Pencil Overestimate* 
Boys: -1.0% (-6.4, 4.3) 
Girls: -3.7% (-9.4, 2.0) 
NR 
Van Marken 
Lichtenbelt et al. (160) 
27 M body builders (mean 
31.8 yr, range 19.0-44.0 yr) 
17.4 ± 4.7 Lunar DPX-L Pencil Overestimate 
-0.9% (-4.6, 6.3) 
Underestimate 
0.8 kg (-5.3, 3.6 kg) 
Moon et al. (93)
b
 29 F NCAA Div I athletes 
(20 ± 1 yr) 
25.4 ± 8.0 Lunar Prodigy Advance Narrow-
fan 
Overestimate* 
-3.7% (-10.1, 2.7) 
NR 
Santos et al. (124) 27 M Judokas (22.2 ± 2.8 yr) 12.1 ± 3.1 Hologic QDR 4500A Fan Overestimate* 
-2.9% (-2.2,7.9) 
Underestimate 
2.7 kg (-6.4, 1.1) 
a
Data presented as mean ± SD 
b
Comparison with 5-compartment model of Wang et al. (162) 
*
Significant difference in body composition estimates between 4-compartment model and DXA 
M, males; F, females; BM, body mass; %BF, percent body fat; FFM, fat-free mass; 4C, 4-compartment model; 95% LOA, 95% limits of agreement; NR, not reported; 
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2.5.2 Validity of DXA in assessing changes in body composition 
One of the highly interesting applications of DXA is its ability to assess 
changes in body composition, whether to monitor changes as a result of dietary or 
training interventions or to longitudinal track individuals or groups over cycles, 
seasons or sporting career. However, there is limited information on how well DXA 
is able to measure changes in body composition. Early studies (43, 44, 69, 83, 143) 
examined the ability of DXA to detect simulated changes in body composition 
achieved by placement of lard samples on the body (simulating a gain in body fat) or 
saline infusion (simulating a gain in total mass and lean mass). Measurements of 
simulated changes in fat mass and lean mass resulting from the placement of 8.8 kg 
of porcine lard on 6 women were not significantly different from those expected 
(143). Similar results were found in healthy subjects with a simulation using a 11.1 
kg piece of porcine lard, however, fat mass was slightly underestimated by 1.9% 
when the lard piece was increased to 22.3 kg (83). Glickman et al. demonstrated that 
DXA was able to detect small changes in total mass when 0.5-1.0 kg of lard (to 
simulate ~10% increase in fat) was specifically placed on the subjects‟ L1-L4 
vertebral area, however, it was less able to detect changes in total fat (43). An 
infusion over 1 hour with ~30 mL/kg of normal saline in six healthy male subjects 
found no differences between theoretical and post-infusion total and lean mass 
measurements (69). In a study involving dehydration and rehydration protocols 
(Going et al.), although mean absolute changes in body mass agreed well with 
changes in lean mass (e.g. -1.50 ± 0.80 kg body mass vs. -1.47 ± 1.04 kg lean mass), 
however, the correlation between the changes in lean mass was lower (adjusted R
2
 = 
~0.4) in comparison with the other parameters (44).  
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Few studies have compared changes in body composition estimates by DXA 
and multi-compartment models, with most of these studies being undertaken in 
sedentary women who are undergoing weight loss. Only two studies have been 
undertaken in athletic populations; a summary of results from these investigations 
involving male athletes is provided in Table 2.4. In one investigation of a group of 
strength-trained male subjects, there were minimal differences in the changes in 
percent body fat and fat-free mass derived from the reference four-compartment 
model and pencil-beam DXA (160). Similarly, Santos and group (124) found no 
significant differences in mean body composition changes in a group of judo players 
from a fan-beam DXA assessment compared with the four compartment model. 
However, the wide limits of agreement (e.g. ±4.5% for percent body fat) indicated 
large individual differences. In particular, DXA tended to overestimate fat losses and 
to underestimate the gains. In general, the ability of DXA in detecting changes in 
body composition in comparison with a reference method seems acceptable, 
however, large individual variations suggest caution is needed in the interpretation of 
individual results.  
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Table 2.4. Comparison of percent body fat changes measured by DXA and the four-compartment model (4C) in the athletic or active populations 
Study Subjects %BF 
(DXA) 
DXA machine Type of 
beam 
Regression between 
methods in tracking 
changes (r) 
Mean differences in 
changes in %BF 
between DXA & 4C 
(95% LOA) 
Mean differences in 
changes in FFM (kg) 
between DXA & 4C 
(95% LOA) 
Van Marken 
Lichtenbelt et 
al. (160) 
27 M body 
builders (31.8 
yr, 19.0-44.0 yr) 
17.4 ± 4.7 Lunar DPX-L Pencil %BF 0.52 
FFM 0.77 
-0.21% (-4.0, 3.6%) 0.22 kg (-2.9, 3.3) 
Santos et al. 
(124) 
27 M Judokas 
(22.2 ± 2.8 yr) 
12.1 ± 3.1 Hologic QDR 
4500A 
Fan %BF 0.53, SEE 2.33% 
FFM 0.62, SEE 1.64 kg 
0.8% (-3.7, 5.3)* -0.5 kg (-3.7, 2.7) 
%BF, percent body fat; 4C, 4-compartment model; FFM, fat-free mass; SEE, standard error of estimation; 95% LOA, 95% limits of agreement 
*
Significant difference in changes in body composition estimates between 4-compartment model and DXA 
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2.5.3 Specific reliability in athletic populations 
For the accurate interpretation of results, especially when interpreting changes, 
the reliability, or the consistency of the measurement, must also be considered. 
Although some studies have not reported the reliability of their DXA protocols (29, 
85, 87), most of those which have, have chosen to express their typical error of 
measurements as a coefficient of variation (CV). In general, the lowest CVs are 
reported for bone mineral content (BMC), followed by lean mass (LM) while the 
highest CVs are found for fat mass (FM) measurements and estimates of regional 
body composition (see Table 3.1).  
 
Technical variation 
In general, the causes of variability in estimates of body composition derived 
from DXA can be divided into two types: technical (machine and technician) and 
biological (day-to-day random) variations. Technical errors can include machine 
inherent errors (“noise” of the machine), or those introduced by the lack of 
standardisation of subject preparation (choice of clothing, wearing of jewellery and 
other metal objects), subject positioning, where differences in placement of limbs on 
the scanning bed causes large variations in body composition, and the technician‟s 
protocols in demarcating regional (arms, legs and trunk) estimates (29, 83, 85, 87).  
The impact of subject positioning on the scanning bed on body composition 
readings was first investigated in a group of healthy subjects who underwent two 
sequential DXA scans (Hologic QDR 2000 fan-beam): the first was undertaken in 
the supine position and the second in the prone position (68). Whole-body estimates 
of fat mass and lean mass were statistically different between supine and prone 
positions by ~5% and ~3%, respectively (68). Regional estimates of fat mass were 
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non-significant for arms and trunk, in contrast to arm and trunk lean mass which 
were statistically different between supine and prone positions. In a similar study, 30 
male volunteers underwent 3 DXA scans with Lunar Prodigy (narrow-fan beam) in 
the following positioning order: supine, prone and supine (78). High correlations in 
total fat mass and lean mass measurements were found between supine vs. prone 
positions (r = 0.95-0.99). However, correlations of upper and lower limb estimates 
between positions were lower (r = 0.72 for upper limb lean mass). Differences in 
body composition between supine and prone positions were thought to be due to a 
combination of factors such as beam hardening effect as result of alteration of tissue 
depth and magnification error due to geometric distortion of fan-beam scanners (68, 
78).  
During the analysis stage, the DXA software automatically defines areas of 
regional body estimates (i.e. estimates of arms, legs and trunk), however, the 
technician can choose to edit and manually demarcate segmental lines on the body 
scans.  Inconsistencies in placing the lines between each scan from either source will 
consequently alter regional body composition estimates. It is unclear whether 
automatically- and manually-defined areas are superior in terms of reliability. In fact, 
one study demonstrated better reliability when regional measurements of 2 DXA 
scans were analysed manually (automatic r = 0.74-0.98 vs. manual r = 0.93-0.95) 
(78).   
The technician is also responsible for manually demarcating segmental lines on 
the body in the analysis stage. Good intra- and inter-technician reliability was 
demonstrated in a study where 43 body composition estimates of manually drawn 
quadrilateral box around the L1-L4 region of interest (abdomen) of 43 scans were 
compared between the 3 operators (43). Specifically, high intraclass correlations 
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between the entire pool of scans were found (r = 0.89-0.94), as well as insignificant 
differences in total mass, fat mass and lean mass estimates (43). Similar results were 
also observed in another study where high correlations within- and between- 3 
technicians were found between manual segmentation of DXA scans of upper and 
lower extremities (13).  
Although these findings have identified subject positioning and analysis 
technique as being important factors that could substantially impact whole- and 
regional body composition readings, however, these issues have not been thoroughly 
investigated in the literature, particular in the athletic populations. This is particularly 
important as information on regional body composition is not readily available with 
most assessment tools and it is also a parameter of high interest to many sport 
practitioners. Nevertheless, technical errors can be minimised by having 
meticulously standardised protocols for subject preparation and positioning, as well 
as the placement of segmental lines on the scan for analysis of regional 
measurements of body composition. 
 
Biological variation 
Biological variation in DXA estimates is caused by factors related to the 
subject‟s presentation.  Biological variation includes changes in hydration status of 
the tissues, as well as the effect of intake of food and fluid in the period immediately 
preceding a scan (54, 148, 161). The study by Horber et al. (54) was the first to draw 
attention to the effects of food and fluid on body composition estimates by DXA. In 
this investigation subjects (n=6) were scanned immediately before and 1 h after 
breakfast, lunch and dinner. The results demonstrated that although the intake of 0.8-
2.4 L of water did not alter bone mineral content and fat mass estimates, estimates of 
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lean mass in the trunk region were significantly increased (p<0.005) (54). Similar 
results were found by Thomsen et al. (148), who reported a mean increase of 1039 g  
in estimates of lean mass after scanning subjects 30-60 min after they had consumed 
a standard meal weighing 1311 g. A significant increase in lean mass (p<0.01), but 
not in bone mineral content and fat mass, was found after subjects drank 1000 g of 
water (148). Going et al. (44) repeated these findings with larger a sample (n=17) 
where only a change in lean mass was found to be statistically significant following a 
loss or gain of ~1.5 kg in fluid during a dehydration-rehydration protocol. In 
contrast, no changes in body composition estimates were found when elderly 
subjects were scanned 1h after a small meal (50 g of bread roll with 6 g of margarine 
and 500 mL of orange juice) (161). Although the effects of food and fluid on body 
composition estimates are clearly demonstrated by such studies, the effect of meal 
size, composition of the meal and the timing of intake in relation to the DXA scan 
have not been thoroughly investigated.  
Of particular interest in athletic populations is the effect of exercise on whole 
body or tissue hydration status. This may arise from direct loss (sweating) or gain 
(drinking) of fluid during the session, as well as the effect of exercise-associated 
fluid shifts between body compartments. These characteristics have not been 
examined. As in the case for machine and technician errors, random biological 
variations can also be minimised by having standardised protocols in which 
measurements are made under specific circumstances which minimise the “noise” 
associated with body composition readings. Sources of known and possible 
biological and technical variations are summarised in Table 2.5. 
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Table 2.5. Potential sources of biological and technical variation in undertaking 
DXA assessments of body composition in athletes (and general population) 
Stage Technical variation Biological variation 
Pre-scanning/ 
presentation 
Subject presentation: 
 Clothing choice 
Subject presentation: 
 Hydration status (acute and 
chronic) 
 Previous exercise 
 Fed or fasted state 
Scanning   Machine‟s inherent “technical noise” 
 Technician‟s positioning of subject on 
the scan 
 
Post-scanning/ 
analysis 
 Manually demarcating segmental 
lines on the body by technician 
 Number of technicians 
 
 
2.6 SUMMARY AND AIMS OF THESIS 
In summary, the current review has identified that there are a number of issues 
regarding the reliability of DXA measurements of physique in athletes which have 
not been adequately addressed. The following project must therefore identify specific 
reliability concerns and limitations to the use of DXA in athletic populations in order 
to develop standardised protocols that can produce results of suitable accuracy and 
precision to address questions of relevance to the relationship of physique and sports 
performance.  
To date, the use of DXA in athletic populations has been mostly restricted to a 
research context. Examples include its use to describe physique traits associated with 
subgroups of athletes within a sport (48, 131, 140, 164, 169). Another research 
setting involves the comparison of DXA as a technique of body composition 
assessment against a “gold standard” or another popularly used technique (33, 66, 93, 
163). Finally, DXA has been tested as a means of measuring body composition to 
assess an athlete‟s suitability for weight class in wrestling (20). In the near future, we 
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anticipate that the increased availability of DXA will allow it to move into new uses, 
including both research and field settings, as previously outlined in the introduction 
to this review. In particular, the monitoring of physique changes as an outcome of 
interventions (27) or longitudinal tracking of physique over a period of time is of 
high interest within sports (48). However, before we can accept that the use of DXA 
for physique assessment can be transformed from a research tool applied to 
general/sedentary populations into a research and servicing tool used in the 
preparation of athletes, some key concerns must be addressed:   
 Is the reliability of DXA measurements of physique suitable for its use in 
all or any of the applications in which we have identified specific interests 
in sport? We note that athletes will exhibit differences in the range of body 
composition traits compared to sedentary populations, and many sport 
practitioners will probably be interested in a greater sensitivity or 
reliability in making these measurements. In addition, they may also be 
interested in regional body composition rather than total body measures. 
There is currently a strong drive in better understanding the relationship 
between body composition and performance, which includes refining the 
physique of individual athletes, particularly in regional areas.  
 Do the values for DXA reliability seen in sedentary populations also apply 
to athletes who are likely to experience a greater range in issues such as 
hydration status? For example, does the acute dehydration or shifts in fluid 
between body compartments associated with an exercise session cause 
greater variability in DXA measurements of physique than seen in the 
general population? The answer to these questions has implications for the 
application of DXA-derived results to targeted interests in physique, but 
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also to set pragmatic boundaries on how DXA can be used in the athletic 
world. For example, if a standardised scanning protocol, based on 
achieving an acceptable level of reliability of readings requires that 
athletes are scanned in a fasted and rested state, this will greatly limit the 
accessibility of this technology in the real world of sport (e.g. the 
“window‟” in which athletes will be able to be scanned will be a few hours 
each day, which may also clash with their training schedule).  
 What protocols should be used to scan the physique of an athlete whose 
height or breadth extends outside of the limited active scanning areas of 
the currently available DXA machine? The physique favoured for many 
sports is taller and wider than that of sedentary populations and cannot be 
accommodated in a single conventionally-positioned scan. Different 
techniques, such as bending of knees to fit within the scanning area, 
summing of 2 partial scans, or exclusion of the head or feet from the 
scanned area are all suggested to accommodate this limitation of the DXA 
machines. However, the effects of these practices on the reliability and 
validity of physique measurements needs to be thoroughly investigated in 
athletic populations. 
 
Accordingly, the specific aims of this thesis are: 
 To investigate sources of technical variation and to ascertain the technical 
error of measurement associated with whole-body DXA scanning. This 
will include devising some practical strategies and developing a scanning 
protocol, particularly to minimise errors related to subject preparation, 
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subject positioning on the scanning bed and analysis protocols of the 
technician. 
 To quantify random biological variability commonly experienced during 
the period of a day and to establish the specific variability introduced by 
the consumption of food and fluid before assessment. 
 To quantify biological variability associated with exercise and its 
associated practices such as food and fluid intake before and during an 
exercise session.  
 To investigate practical and reliable techniques to estimate whole-body 
composition using DXA among individuals who are taller or broader than 
the active scanning area of the bed that could be applied to individuals 
with tall and/or broad physiques. The results from the above-mentioned 
studies will guide the development of a standardised Best Practice DXA 
Scanning Protocol that can be implemented in both research and the 
athletic setting. 
 To investigate the real-world implications of following the Best Practice 
DXA Scanning Protocol on assessing changes in body composition.  
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Chapter 3: Review of DXA assessment 
protocols and the development 
of standardised Best Practice 
Protocol 
3.1 INTRODUCTION  
According to responses from a survey by the Working Group of the 
International Olympic Committee on body composition assessment, 40% of sports 
professionals have used DXA as one of the methods to measure body composition 
(88). The authors noted that DXA was more often used with athletes who were of 
international level and in weight-sensitive sports. Unfortunately, this survey failed to 
provide any information on the protocols used to undertake DXA measurements of 
body composition in athletic populations (88). Such information is important to 
consider, since there are a number of potential sources of biological and technical 
variations associated with whole-body DXA scanning, and these may be 
compounded in specific ways in special populations such as athletes.  Therefore, to 
ensure that the use of DXA as a physique assessment tool in athletic populations is 
optimised, specific scanning protocols which minimise these errors need to be 
considered, along with appropriate recognition of limitations in the interpretation of 
the results of such work. Accordingly, the aims of this chapter are: 
 To review recent publications involving DXA measurements of body 
composition of active or athletic populations to identify how scanning 
protocols are currently standardised. 
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 To investigate potential sources of biological and technical variations 
through in-house pilot-testing and to develop practical strategies to 
minimise these errors. 
 To integrate this information to develop a standardised whole-body DXA 
scanning protocol that can be implemented in an athletic setting. 
 
3.2 METHODS 
3.2.1 Review of DXA standardisation protocols 
A literature search using PubMed (www.ncbi.nlm.nih.gov/pubmed/) for 
publications of interest from 1997 to 2012 was performed. The following keywords 
were used: DXA, DEXA, dual-energy X-ray absorptiometry, body composition, 
athlete and sport. The inclusion criteria were publications that used DXA to provide 
measurements of body composition in the athletic or active populations at various 
competitive levels, regardless of age, physique, sports, or disability. The methods 
sections of these studies were scrutinised for details about protocols used to 
undertake whole-body DXA scans, with specific interest in standardisation 
procedures that were implemented in terms of subject presentation and machine or 
technician issues, as well as information on the reliability of these techniques 
(expressed as coefficient of variation or CV).    
 
3.2.2 Pilot work 
Potential sources of error and variation in whole-body DXA scanning protocols 
were identified based on first principles, with identification of issues during the  
three phases of scanning (pre-scanning, scanning and post-scanning), and the 
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potential for each phase to have two sources of variations (biological and technical). 
Some in-house pilot testing was undertaken to investigate potential ways to minimise 
these errors.   
  
3.2.3 Development of theoretical Best Practice Protocol for whole-body DXA 
scanning 
The two sources of information (literature records and pilot testing) were 
integrated to develop a theoretical model for a Best Practice Protocol for whole-body 
DXA scanning of body composition.  
 
3.3 RESULTS 
3.3.1 Review of DXA standardisation protocols 
Standardisation protocols used in studies involving the DXA assessment of the 
body composition of athletes in the recent literature are summarised in Table 3.1.  In 
general, the information on the specific procedures incorporated into scanning 
protocols was sparse and inconsistently reported. In terms of subject presentation, 
only a third of studies required subjects to be in a fasted state, a further third allowed 
subjects to eat lightly or drink fluids prior to the scan, and the remaining studies did 
not provide details of this aspect of their DXA assessment protocol. About 70% of 
studies failed to report any details on subject‟s positioning on the scanning bed. Most 
studies provided details of the type and model of DXA scanner used but ~30% failed 
to report the software version used during analysis. Approximately 50% of studies 
reported the typical error of measurement as a coefficient of variation (or CV), 
ranging from 0.5-2.5% for lean mass and 0.8-5.0% for fat mass (see Table 3.1).   
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Table 3.1. Standardisation of DXA protocols used in studies (1997-2012) in measurements of body composition in athletic or active populations. 
Study Athletes 
Standardisation of Subject Standardisation of Machine or Technician 
Comments 
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s Reported CV (%) 
BMC LM FM 
Andreoli et al. (2) 
10 M water polo players (21 
± 4 yr
b
) 
- - Y Y Y - - N
a
 - - 1.2 1.5 5.0 
*Model of DXA scanner not 
identified 
Andreoli et al. (3) 
50 M water polo, judo, 
karate athletes 
- - Y Y Y - Y Y - - 0.7 0.8 1.6 
 
Arngrimsson et al. (6) 
22 M and 10 F collegiate 
runners (21 ± 3 yr) 
- - Y N
a
 - - - Y - - - - - 
*Water  was allowed on the 
test morning 
Ballard et al. (9) 
47 F Div II athletes (20 ± 1 
yr) 
- - Y N - - - Y Y - - - - 
 
Bentzur et al. (10) 
30 Div I collegiate F track 
and field athletes (20 ± 2 yr) 
- - Y
a
 N
a
 - - Y Y - - - - - 
*Subjects were asked not to eat 
or exercise for 4 hours before 
testing 
Berdejo-del-Fresno et al. 
(11)
c
 
3 M and 4 F tennis players 
(11 ± 0.4 yr) 
- - - - - - - N
a
 - - - - 0.1
+
 
*Software not identified 
+For % body fat 
Calbet et al. (14) 
9 F (26 ± 6 yr) and 14 M (24 
± 3 yr) tennis players 
- - - - - - - Y - Y 0.4 1.0 3.1 
 
Campion et al. (15) 45 M professional cyclists 
(29 ± 3 yr) 
- - - - - - Y Y Y - - - - 
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Study Athletes 
Standardisation of Subject Standardisation of Machine or Technician 
Comments 
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BMC LM FM 
Carbuhn et al. (16) 
67 F collegiate athletes (20 ± 
1 yr) 
- - - - - - - N
a
 Y - - - - 
*Software not identified 
Carvalho et al. (17) 
41 M rugby players (16-24 
yr) 
Y - - - - - - Y - - - - - 
 
Clark et al. (19) 
53 Div I M collegiate 
athletes (20 ± 1 yr) 
Y - Y Y Y Y Y Y Y - 0.9 1.0 2.5 
 
Clark et al. (20) 94 M wrestlers (16 ± 1 yr) Y Y Y Y Y Y Y Y Y - 0.9 1.0 2.5  
De Lorenzo et al. (30) 43 M athletes (22 ± 4 yr) - - Y Y Y - Y Y Y - 1.2 1.5 5.0  
Esco (35) 
30 F collegiate athletes (20 ± 
1 yr) 
Y - - - - - Y Y - - - - - 
 
Espana-Romero et al. 
(36) 
9 F (29 ± 4 yr) and 10 M 
sport climbers  (31 ± 5 yr) 
- - - - - - - N
a
 Y - - - - 
*Software not identified 
Garthe et al. (40)
c
 
24 F and M athletes (18-35 
yr) 
- - - Y - Y Y N
a
 Y - - 0.7
+
 3.0
+
 
*Software not identified 
+“within 24 h” 
Georgeson et al. (42)
c
 
37 M Australian national 
rugby league players (25 ± 3 
yr) 
- - - - - - - Y - - 0.9 0.8 2.3 
 
Harley et al. (48)
c
 
20 M rugby league players 
(25 ± 3 yr) 
Y - Y - - Y - N
a
 Y - 0.53 0.52 0.82 
*Software not identified  
Klungland Torstveit & 
Sundgot-Borgen (63) 
186 F Norwegian elite 
athletes (22 ± 6 yr) 
- - - - - - - N
a
 - - - 0.4
a
 1.0
a
 
*Software not identified 
*For fat percentage and fat-
free mass 
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Study Athletes 
Standardisation of Subject Standardisation of Machine or Technician 
Comments 
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BMC LM FM 
Lambert et al. (67) 
156 M American football 
athletes (20 ± 1yr) 
- - - - - - - N
a
 - - - - - 
 
Larsson et al. (70) 
10 M cross-country skiers 
(18 ± 1 yr) 
- - - - - - Y Y - Y - 0.9 2.6 
 
Loenneke et al. (76) 
33 M baseball players and 
16 F gymnasts (20 ± 1 yr) 
Y Y Na Na N Y Y Na - - - - - 
*Subjects were asked not to eat 
or exercise for 4 h before 
testing
 
*Software not identified 
Loftin et al. (77) 
10 M (41 ±11 yr) and 10 F 
(43 ± 12 yr) marathon 
runners 
- - - - - - Y N
a
 - - - - - 
*Software not identified  
Malavolti et al. (84)
c
 10 M army officers - - - - - - - Y - - 1.0 2.5 -  
Micklesfield et al. (89) 34 M cricketers (22 ± 3 yr) - - - - - - - Y - - 0.9 0.7
a
 1.7 *For fat-free tissue mass 
Milanese et al. (90) 
43 F handball players (22 ± 
4 yr) 
- - - - - - Y Y Y - 1.2 1.4 2.3 
 
Mojtahedi et al. (91) 
8 M and 8 F collegiate 
athletes with SCI (22 ± 3 yr) 
Y Y Y N - - - Y Y - 
a
 
a
 
a
 
*Given as a range of 1-1.5% 
Moon et al. (93) 
29 F NCAA Div I athletes 
(20 ± 1 yr) 
Y - Y N
a
 - - Y Y - - - - - 
*Water  was allowed on the 
test morning 
Oliver et al. (106) 
157 NCAA Div IA 
American football players 
(20 ± yr) 
Y
a
 - - - - - Y Y
a
 Y - - - - 
*No details were given 
*eSoftware not identified 
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Study Athletes 
Standardisation of Subject Standardisation of Machine or Technician 
Comments 
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BMC LM FM 
Quiterio et al. (115) 
33 athletic girls (13 ± 4 yr) 
and 90 boys (14 ± 3 yr) 
- - Y Y - - - N
a
 Y - 1.6 - - 
*Software not identified  
Sanchis-Moysi et al. 
(122) 
41 M young tennis players 
(~10 ± 1 yr) 
- - - - - - Y Y - - - 1.0 3.0 
 
Santos et al. (124) 27 M judokas (22 ± 3 yr) - - Y Y Y
a
 - Y Y Y - - 1.7
+
 2.9 
*Change in body mass was 
used to assess hydration 
+CV for fat-free mass 
Silva et al. (128)
c
 27 M judokas (23 ± 3 yr) - - Y Y - Y - Y - - - 1.7 2.9  
Silva et al. (129) 
32 F (15 ± 0 yr) and 46 M 
athletes (15 ± 1 yr) 
- - - Y - - - Y Y - - - 
F 12.4 
M 18.4 
*CV reported only for FM 
Silva et al. (130)
c
 
9 F and 8 M basketball 
players (16 ± 1 yr) 
- - Y Y - Y Y Y - - 1.9 1.1 2.5 
 
Stewart et al. (137) 106 M athletes (28 ± 7 yr) Y - Y N
a
 Y - - Y - Y 0.9 0.7 3.0 
*Subjects were fasted or ate 
lightly  
Stoggl et al. (139) 
14 M cross-country skiers 
(26 ± 5 yr) 
- - - Y - - Y N
a
 - - - - - 
*Model of DXA scanner not 
identified  
Sutton et al. (140) 
64 M soccer players (26 ± 4 
yr) 
- Y - - - - - Y Y - - - - 
 
Sutton et al. (141) 
19 F wheelchair athletes (26 
± 8 yr) 
Y Y - N Y - - Y - - - - - 
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Standardisation of Subject Standardisation of Machine or Technician 
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Reported CV (%) 
          BMC LM FM  
Svantesson et al. (142) 
33 M ice hockey and soccer 
players (25 ± 5 yr) 
- - - N - Y - N
a
 - - - 2.1 - 
*Software not identified 
Taguchi et al. (144) 
93 F collegiate athletes (20 ± 
1 yr) 
- - - - - - - N
a
 - - - - - 
*Software not identified  
Terzis et al. (147) 
6 M hammer throwers (26 ± 
5 yr) 
- - - - - - - N
a
 - - - - - 
*Software not identified  
Van marken Lichtenbelt 
et al. (160) 
27 strength-trained M (32 yr, 
19-44 yr) 
Y - - - - - - N
a
 - - - - - 
*Software not identified  
Warrington et al. (164) 27 M jockeys (27 ± 7 yr) Y - - - - Y - Y - - - - -  
Wittich et al. (169) 
42 M soccer players (23 ± 4 
yr) 
- - - - - - - Y - - - 0.8 4.8 
 
a
See additional information in Comments; 
b
Age expressed as mean ± standard deviation (yr); 
c
Studies with repeated measurements; Y, standardisation; N, no standardisation; 
-, information not available; M, male; F, female; NCAA, National Collegiate Athletic Association; SCI, spinal cord injury 
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3.3.2 Best Practice Whole-body DXA Scanning Protocol 
The following criteria for a Best Practice Protocol for DXA whole-body 
scanning of the physique of athletes were identified, based on the integration of the 
information provided in the currently available literature, first principles 
understanding of the various processes, and the outcomes of some pilot testing. 
 
Subject presentation 
 Prior to a scan, subjects must complete a screening questionnaire to 
explore issues like radiation history in the past 12 months or internal 
surgical devices such as hip/knee prostheses, surgical pins, breast implants, 
pacemakers etc. The technician should reschedule scans if the subject is at 
risk of over exposure to radiation, or is pregnant or breastfeeding.  
 To minimise subject exposure to radiation, the technician or the service 
provider should keep a strict log of the number of DXA scans the subject 
has undertaken to monitor the level of radiation exposure. Research studies 
also should seek approval from an ethics committee regarding suitable 
number of scans.  
 DXA scans should be appropriately scheduled to avoid interference from 
recent (i.e. 48 hours prior) nuclear medicine examinations and 
radiographic contrast agents (information obtained from a pre-DXA 
questionnaire).  
 The subject should present in an overnight fasted and rested state. 
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 Some information on hydration status (such as the specific gravity of a 
mid-stream urine sample collected on waking) should be collected for 
potential use in interpreting anomalies in lean mass changes.  
 Subjects should void their bladder before the scan. 
 All metal objects and jewellery should be removed as these can interfere 
with the scanner.  
 Appropriate clothing should be worn for the scan, preferably underpants 
and for females, crop top (no wire). Minimal clothing assists the technician 
in positioning the subject on the scanning bed in a standardised manner by 
ensuring that the alignment of the subject‟s body and placement of arms 
and legs are clearly visible to the technician. 
 
Machine and technician variation 
 Body composition assessment by DXA should be undertaken by 
technicians who have completed the ANZBMS Clinical Densitometry 
Training Course, and if possible, with additional in-house body 
composition assessment training with an experienced technician. 
 All scans should be performed and analysed by one trained technician on 
the same scanner. 
 DXA must be calibrated with phantoms as per the manufacturer‟s 
guidelines and on each day before measurement. An aspect of quality 
control (QC) is monitoring the “drift” in the reading of a phantom. 
Automated Excel spreadsheet (e.g. John Cormack‟s Flinders Medical 
Centre DXA Statistical Control Spreadsheet) is helpful in detecting drifts 
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in the DXA scanner. A typical coefficient of variation for a phantom is 
0.4-0.8% (ANZBMS). The technicians should make a note in a log book if 
the machine drifts outside this range.   
 DXA‟s working condition should be checked and serviced yearly by a 
reputable mechanical engineer.  
 
Subject positioning 
 Subject‟s head must be placed in the Frankfort plane position. Hair tie or 
bobby pins should be removed to enhance head positioning. 
 Subjects should be centrally aligned in the scanning area, and their feet 
placed in custom-made positioning aid to maintain a constant distance 
between the feet (e.g. 15 cm) in each scan (Figure 3.2). 
 Subjects‟ hands should be placed in custom-made positioning aids so that 
they were in a mid-prone position with a standardised gap (e.g. 2-3 cm) 
between the palms and trunk (Figure 3.3).  
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Figure 3.1. Standardised subject positioning 
 
Analysis protocol 
 The scans should be analysed automatically by the software but regions of 
interest should be subsequently confirmed by the technician in a 
standardised manner.  
 
Figure 3.2. Custom-made positioning aid for feet (Version 1) 
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Figure 3.3. Custom-made positioning aids for hands (Version 1) 
 
3.4 DISCUSSION AND CONCLUSIONS 
Our survey of the methodologies reported in the current literature on DXA 
measurements of physique in athletes or active populations (Table 3.1) failed to 
identify a clear or consistent protocol for undertaking such scans. We found that few 
authors reported comprehensive details of standardisation protocols. It is unclear if 
the authors considered such standardisation unimportant to implement or whether 
they simply failed to report it. Where information on scanning protocols was 
reported, the level of detail varied. For example, most publications reported the type 
of DXA machine and the software used to undertake and analyse DXA scans. 
However, many reports failed to provide any information on subject presentation, 
positioning on the scanning bed, or the number of technicians carrying out the scans. 
Like any other type of tests, it is important to know the “noise” or the uncertainty of 
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a measurement. The typical error of measurement, especially in body composition 
assessment by DXA is generally reported as coefficient of variation or CV (the 
typical error expressed as a percent of the subject's mean score), and it represents the 
reliability of a test. Many studies reported the CV of their DXA machines but it was 
unclear how they were calculated: with phantom scanning or subjects with 
repositioning in between scans. Many also referenced the coefficient of variation 
calculated by DXA machines located at other centres or of other studies. It is 
recommended that the coefficient of variation should be specific to the DXA 
machine used and the conditions of its use, and ideally calculated from scanning at 
least 30 subjects with repositioning in between scans (ANZBMS).  
We consider it unfortunate that currently available studies are less than 
thorough in either undertaking or reporting on standardised protocols for whole body 
DXA scanning. More detailed information could identify where there are likely to be 
issues with the reliability of the data, and therefore a careful interpretation of study 
results is required. Alternatively, this information could help to guide the work of 
future researchers to either duplicate a previously used protocol or develop their own 
standardisation procedures. Nevertheless, via the combination of the literature 
review, examination of the scanning protocol from first principles and some pilot 
testing of refinements of protocol, we have developed a Best Practice Whole-body 
DXA Scanning Protocol than can be implemented to undertake physique assessment 
of athletes for both research and servicing requirements. This standardised protocol 
shall now be further tested and refined throughout the following body of work and 
thesis.  
  
52 
 
Chapter 4: Effects of daily activities on DXA 
measurements of body 
composition in active people  
4.1 INTRODUCTION 
Studies in sedentary populations have investigated the validity of DXA 
assessments of physique, studies in athletes are also available (see Chapter 2). 
However, the issues of reliability have not been systematically examined in athletic 
populations. Errors or variability in DXA estimates of body composition can be 
divided into two types: 1) technical error generated by the machine, by failure to 
standardise the positioning of the subject on the scanning bed, or the inconsistency of 
the analysis software or technician in demarcating segmental lines on the scans (30, 
83, 85, 87) and 2) biological variation, which includes changes in hydration status of 
the tissues (14, 52, 53) arising from the short-term effects of exercise, the effects of 
food and fluid intake in the hours before a scan (54, 148, 161) and the longer-term 
changes in body composition brought about by changes in diet or exercise. 
The purposes of this initial study were 1) to establish the reliability of DXA in 
measuring body composition across a heterogeneous range of physically active 
individuals, 2) to determine typical errors of measurement of the machine and trained 
technician, 3) to ascertain random biological variability commonly experienced in 
heterogeneous active populations during the period of a day, and 4) to establish the 
specific variability introduced by the consumption of food and fluid before 
assessment. In addition to developing general protocols to guide the real-life use of 
DXA-derived estimates of body composition in athletic populations, we aimed to 
gather information to allow us to undertake further systematic research on the 
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reliability and variability of this technique in specialised athletic populations or 
situations.  
 
4.2 METHODS 
4.2.1 Subjects 
Thirty-one subjects from a local and convenient pool of physically active 
individuals who would represent the range of physiques found among athletic 
populations were recruited for the study. Subjects were required to be in a structured 
training program of at least 4 h·wk
–1
 with the range extending to elite athletes 
undertaking 28 h of exercise per week. All subjects signed a consent form approved 
by the Human Ethics Committee of the Australian Institute of Sport and RMIT 
Human Research Ethics Committee before participating in this study. Subjects were 
excluded from the study if they were older than 40 yr (older than the typical athletic 
population on whom the activities of our research are focused) and more than 190 cm 
tall (i.e., taller than the active scanning area of the DXA machine). Subject 
characteristics were outlined in Table 4.1.  
 
Table 4.1. Subject characteristics 
 16 M 15 F 
Age (yr) 28 ± 6 26 ± 4 
Height (cm) 178 ± 6 166 ± 6 
DXA estimates (kg)   
  Total mass 75.0 ± 9.5 61.2 ± 6.1 
  Lean mass 60.9 ± 6.7 42.9 ± 5.2 
  Fat mass 10.7 ± 5.3 15.6 ± 5.1 
  Bone mineral content 3.3 ± 0.5 2.7 ± 0.3 
Data are expressed as mean ± SD 
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4.2.2 Study overview 
Each subject underwent five whole-body DXA scans during a 2-d period 
(Figure 4.1). Each subject undertook Measurements 1 and 2 (Day 1) and 4 (Day 2) 
under standardised baseline conditions (early morning, overnight-fasted). 
Measurement 2 was undertaken immediately after Measurement 1 with the 
requirement for subjects to stand up and be repositioned between scans. 
Measurement 3 was undertaken at a random time later on Day 1, with subjects 
recording the occurrence of self-chosen activities that might change measurements of 
body composition such as the intake of food and fluid or exercise. Measurement 4 on 
Day 2 was undertaken using the same standardised conditions as Measurements 1 
and 2 the day before. After this scan, subjects were randomly assigned to a meal of 
variable volume and rescanned (Measurement 5) approximately 40 min (36 ± 9 min) 
later. Comparison of these measurements enabled the calculations of the typical error 
of measurement (TEM), random within-day biological variability, between-day 
biological variability, and the error introduced by food and fluid intake.  
 
4.2.3 Standardised baseline conditions 
Subjects were overnight-fasted and had not undertaken any exercise on the 
morning before Measurements 1 and 4. They were asked to wear minimal clothing 
(males: underwear; females: underwear or plain bike pants and unwired sports bra). 
All jewellery and metal objects were removed before each scan. To assess hydration 
status, subjects were requested to provide a midstream sample of urine collected soon 
after waking on the mornings of Days 1 and 2. The specific gravity of these urine 
samples was measured using a digital refractometer (UG-1; ATAGO Co. Ltd., 
Tokyo, Japan). Subjects were bladder voided before each scan.  
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Figure 4.1. Study design 
 
4.2.4 DXA instrument 
Body composition was measured from a whole-body scan using a narrow fan-
beam DXA (Lunar Prodigy; GE Healthcare, Madison, WI) with analysis performed 
using GE Encore 12.20 software (GE Healthcare). The DXA was calibrated with 
phantoms as per the manufacturer‟s guidelines each day before measurement. All of 
the scans were undertaken using the standard thickness mode. 
 
4.2.5 Standardised DXA operational protocol 
All scans were performed and analysed by one trained technician. Before 
undertaking this study, we developed and pilot-tested a protocol for undertaking 
whole-body scans, which emphasised consistency in the positioning of subjects on 
the scanning area of the DXA instrument. Subjects were centrally aligned in the 
scanning area, and their feet were placed in custom-made foam blocks to maintain a 
constant distance between the feet (15 cm) in each scan. Similarly, subjects‟ hands 
were placed in custom-made foam blocks so that they were in a mid-prone position 
with a standardised gap (3 cm) between the palms and trunk. These custom-made 
blocks were made of Styrofoam and were transparent under DXA. The scans were 
analysed automatically by the software but regions of interest were subsequently 
confirmed by the technician. 
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4.2.6 Food and activity record 
A mean period of 7 h ± 41 min elapsed between Measurements 2 and 3 on Day 
1. To account for activities of daily living undertaken during this period, subjects 
were required to maintain a food and activity record. The record documented all food 
and fluid intake and any incidental or intentional exercise. Records were examined to 
calculate the volume of fluid and food consumed ad libitum during this period and 
the duration/type of exercise activities. 
 
4.2.7 Meal intake intervention 
After Measurement 4 on Day 2, subjects were provided with a standard 
breakfast meal consisting of breakfast cereal, reduced-fat milk, and water and were 
requested to consume it within a 20-min period. The total volume of fluid and food 
was randomly assigned and scaled into five different portion sizes (200, 500, 900, 
1400, and 2000 mL), representing the typical range in the size of meals consumed by 
our trained population. The composition of the meal (g·100 g
–1
 meal) was 14% 
toasted muesli, 17% reduced-fat milk, and 69% water. Measurement 5 scan was 
undertaken 36 ± 9 min after commencement of the meal.  
 
4.2.8 Statistical analysis 
We derived measures of reliability separately for each body compartment, each 
tissue component, and each gender with a mixed linear model realised with Proc 
Mixed in the Statistical Analysis System (Version 9.2; SAS Institute, Cary, NC). The 
only fixed effect in the model, the identity of the measurement trial (five levels), 
provided estimates of changes in the mean between measurements. The random 
effects were the identity of the subjects (representing consistent difference between 
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subjects), the residual error (representing within-subject short-term test-to-test 
variability), and the variables representing additional within-subject error from Day 1 
to Day 2 (a.m. to a.m.), from morning to afternoon (a.m. to p.m.), and from before to 
after the meal (a.m. to meal). The errors were combined to provide estimates of the 
typical (standard) errors of measurement and intraclass correlation coefficients 
expected when a morning measurement performed after an overnight fast is followed 
by another measurement performed either immediately with no intervening meal or 
activity (immediate), 30–45 min later after an intervening breakfast (a.m. to meal), in 
the afternoon without restriction of intervening behaviour (a.m. to p.m.), and the next 
morning after an overnight fast (a.m. to a.m.). Uncertainty in estimates of changes in 
the mean and errors of measurement was provided by the model and expressed as 
90% confidence limits. The typical error of repeated measurements in the immediate 
condition was classified as technical error of measurement (variation caused by the 
DXA machine and/or repositioning of the subject on the scanning bed), while the 
typical errors of the a.m. to p.m., a.m. to a.m., and a.m. to meal conditions include 
technical error and biological variation. 
The TEM of body composition estimates, measured by the DXA, was 
quantified as a within-subject coefficient of variation (CV), which is the SD of body 
composition estimates of a subject expressed as a percentage of the subject‟s mean 
body composition estimates. The TEM captures the notion of random variability of a 
single individual‟s values on repeated testing (52). The magnitudes of changes in the 
mean and of typical errors were interpreted after these were standardised by dividing 
the between-subject SD in the fasting state by one-third. This factor of one-third was 
used because the between-subject SD of body measurements in our study population 
was approximately three times greater than those previously found in a study with 
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athletic populations (137). To our knowledge, there are no published data on the 
smallest worthwhile effects of whole and regional body composition; therefore, 
standardisation with an appropriate between-subject SD is the appropriate default 
approach. The magnitude of standardised effects was assessed using the following 
scale: <0.2 = trivial, <0.60 = small, <1.20 = moderate, and <2.0 = large (53). Effects 
and typical errors were classified as substantial when the standardised value reached 
the threshold for small (≥0.2).  
 
4.3 RESULTS 
The percentage change in the mean, the TEM (expressed as CV), and their 
corresponding smallest worthwhile effects for total and regional body composition of 
repeated measurements or technical error (immediate), within-day biological 
variation (a.m. to p.m.), between-day biological variation (a.m. to a.m.), and the 
effect of the meal (a.m. to meal) are presented in Table 4.2 (body mass), Table 4.3 
(lean mass), Table 4.4 (fat mass), and Table 4.5 (bone mineral content). In each case, 
the results are presented as percent and raw units (g).  
 
4.3.1 Total mass 
The change in the mean of repeated measurements (immediate) and between-
day biological variation (a.m. to a.m.) for total and regional mass estimates was less 
than the smallest worthwhile effect (Table 4.2). However, in the a.m. to p.m. 
condition, the change in the mean for total, trunk, and leg mass of female subjects 
exceeded the smallest worthwhile effect. The meal (a.m. to meal) also produced a 
substantial increase in total and trunk mass of both males and females. The typical 
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error associated with DXA measurements for total mass was trivial in all conditions. 
However, substantial typical errors were found in most trunk, leg, and arm masses in 
all conditions. Generally, intake of the meal produced typical errors that were equal 
or exceeded the smallest worthwhile effect for trunk, leg, and arm mass but not total 
mass. 
 
4.3.2 Lean mass 
The change in the mean of repeated measurements (immediate) and between-
day biological variation (a.m. to a.m.) for total lean was less than the smallest 
worthwhile effect (Table 4.3). However, within-day biological variation (a.m. to 
p.m.) produced a substantial increase in the mean of total, trunk, and leg mass. The 
meal (a.m. to meal) also substantially increased total and trunk mass. The change in 
the mean of all lean mass regions was small, except for the trunk lean in males where 
the effect of the meal was moderate. The typical error associated with DXA 
measurements for total lean was trivial in the repeated measurements condition 
(immediate) but was mostly substantial in other conditions. Substantial typical errors 
were also found in lean mass measurements of trunk, leg, and arm in all conditions. 
In total and trunk lean regions, the meal produced typical errors that were equal or 
exceeded the smallest worthwhile effect.  
 
4.3.3 Fat mass 
None of the conditions (immediate, a.m. to p.m., a.m. to a.m., and a.m. to 
meal) caused substantial changes in the mean of total and regional fat mass (Table 
4.4). The typical error associated with DXA measurements for total fat was trivial in 
all conditions. However, within-day biological variation (a.m. to p.m.) and intake of 
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the meal (a.m. to meal) substantially increased the typical errors in trunk fat. 
Substantial typical errors were also found in the measurement of arm fat for female 
subjects in all conditions; however, in males, a substantial increase in arm fat was 
found only in the between-day biological variation (a.m. to a.m.).  
 
4.3.4 Bone mineral content 
The change in the mean of repeated measurements (immediate) and between-
day biological variation (a.m. to a.m.) for total and regional BMC was less than the 
smallest worthwhile effect (Table 4.5). However, within-day biological variation 
(a.m. to p.m.) produced a substantial increase in the mean of trunk BMC of females. 
Intake of the meal (a.m. to meal) substantially increased the mean value of 
measurements of total, trunk, and arms BMC of females. The typical error associated 
with DXA measurements for total BMC was substantial in all conditions for total, 
trunk, and arms BMC. An exception was the measurement of leg BMC, where the 
typical errors were not substantial in any conditions. 
 
4.3.5 Effect of meal 
The effects of a meal, when measured within the hour after its consumption, 
were mostly seen in terms of increases in total and trunk estimates of mass and lean 
mass. We tried to model the effect of the size of the meal (expressed as percent of 
body mass) to determine whether there was a cut-off for the volume/weight of food 
that could be consumed without producing a substantial error in estimates of body 
composition. However, the model could not predict a clear outcome based solely on 
meal size, particularly for regional areas (data not shown).  
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Table 4.2. Percent change in the mean and typical error of measurement (TEM) associated with DXA measurements for body mass 
 
 
 
Mean ± SDa 
 
SWE 
 Immediate  a.m. to p.m.  a.m. to a.m.  a.m. to Meal 
∆Mean  TEM ∆Mean  TEM ∆Mean  TEM ∆Mean  TEM 
  
% g % g % g % g % g % g % g % g % g 
Total mass 
F 61.2 kg ± 10%  0.7 440  -0.1 -70  0.1 50  0.8* 500  0.6 340  0.0 -20  0.6 370  0.9* 530  0.5 290 
M 75.0 kg ± 13%  1.0 710  0.0 10  0.1 80  0.4 280  0.5 350  -0.2 -130  0.4 330  1.5* 1110  0.5 400 
Trunk mass 
F 27.2 kg ± 11%  0.8 210  0.2 60  1.1* 290  1.1* 300  1.3* 340  0.2 60  1.2* 330  1.7* 460  1.4* 380 
M 34.3 kg ± 14%  1.1 360  0.6 200  0.9 320  0.7 230  0.9 320  0.1 20  1.0 360  3.1* 1050  1.6* 550 
Legs mass 
F 22.9 kg ± 11%  0.8 180  -0.6 -130  1.0* 240  1.0* 230  1.1* 240  -0.3 -60  1.1* 250  0.2 50  1.1* 260 
M 26.4 kg ± 12%  0.9 240  -0.3 -70  0.9* 240  0.3 90  0.9* 240  -0.5 -130  0.9* 240  0.6 160  1.0* 270 
Arms mass 
F 6.7 kg ± 13%  0.9 60  0.3 20  1.6* 110  -0.2 -10  1.7* 110  -0.3 -20  1.6* 110  -0.1 -10  1.9* 130 
M 9.4 kg ± 18%  1.4 130  -1.0 -100  1.4* 140  -0.1 -10  1.6* 150  -0.1 -10  1.4* 140  -1.0 -90  1.6* 150 
The ICC for body mass ranged from 0.81-1.00 
a Between-subject SD expressed as a coefficient of variation (%) 
F- females; M- males; SWE – smallest worthwhile effect; ∆mean – change in the mean; TEM–typical error of measurement expressed as a coefficient of variation (%) and raw units (g) 
* Small value of ∆mean or TEM; + Moderate value of ∆mean or TEM 
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Table 4.3. Percent change in the mean and typical error of measurement (TEM) associated with DXA measurements for lean mass 
 
 
 
Mean ± SDa 
 
SWE 
 Immediate  a.m. to p.m.  a.m. to a.m.  a.m. to Meal 
∆Mean  TEM ∆Mean  TEM ∆Mean  TEM  ∆Mean  TEM 
  
% g % g % g % g % g % g % g % g % g 
Total lean 
F 42.9 kg ± 12%  0.8 360  -0.2 -100  0.5 220  1.3* 560  1.0* 440  0.0 10  1.0* 440  0.9* 380  0.9* 410 
M 60.9 kg ± 11%  0.8 500  0.0 10  0.4 230  0.8* 460  0.6 390  -0.2 -90  0.5 330  1.5* 900  0.6 380 
Trunk lean 
F 20.0 kg ± 12%  0.8 160  0.0 -10  1.3* 250  1.4* 290  1.9* 380  0.6 110  1.7* 330  2.0* 390  1.5* 310 
M 27.9 kg ± 12%  0.9 240  0.6 180  1.3* 370  1.1* 300  1.3* 370  0.1 40  1.4* 380  3.2+ 880  1.7* 470 
Legs lean 
F 14.4 kg ± 13%  1.0 150  -0.6 -90  1.3* 190  1.9* 280  1.4* 200  -0.7 -100  1.5* 230  0.1 10  1.6* 230 
M 21.1 kg ± 11%  0.9 180  -0.2 -50  1.1* 230  0.9* 190  1.1* 230  -0.4 -90  1.1* 230  0.4 90  1.1* 230 
Arms lean 
F 4.9 kg ± 17%  1.2 60  0.1 10  1.7* 80  -0.1 -10  1.9* 90  -0.3 -10  1.7* 90  -0.9 -40  1.9* 90 
M 8.0 kg ± 17%  1.3 100  -1.3 -100  1.5* 120  0.0 0  1.5* 120  -0.2 -20  1.5* 120  -1.0 -80  1.6* 130 
The ICC for lean mass ranged from 0.78-0.99 
For annotations, see the bottom of Table 2. 
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Table 4.4. Percent change in the mean and typical error of measurement (TEM) associated with DXA measurements for fat mass 
  
Mean ± SDa 
 
SWE 
 Immediate  a.m. to p.m.  a.m. to a.m.  a.m. to Meal 
  
 ∆Mean  TEM ∆Mean  TEM ∆Mean  TEM ∆Mean  TEM 
  
% g % g % g % g % g % g % g % g  % g 
Total fat 
F 15.6 kg ± 33%  2.4 380  0.0 10  1.3 210  -0.7 -120  1.7 260  -0.4 -70  1.3 210  1.3 210  2.2 350 
M 10.7 kg ± 50%  3.9 420  -0.4 -40  1.9 210  -1.7 -180  2.6 270  -0.6 -60  2.1 230  2.6 280  2.7 290 
Trunk fat 
F 6.4 kg ± 40%  3.0 190  0.7 40  2.4 160  -0.4 -20  3.3* 210  -0.9 -60  2.7 170  1.6 100  5.4* 340 
M 5.4 kg ± 55%  4.6 250  -0.4 -20  3.7 200  -1.3 -70  4.6* 250  -0.6 -30  3.7 200  4.3 230  5.6* 300 
Legs fat 
F 7.2 kg ± 28%  2.0 150  -0.6 -40  1.4 100  -1.1 -80  1.7 120  0.2 10  1.6 110  0.7 50  1.4 100 
M 4.0 kg ± 47%  3.5 140  -0.8 -30  3.1 120  -2.6 -110  3.1 120  -1.3 -50  3.1 120  1.9 80  3.1 120 
Arms fat 
F 1.4 kg ± 39%  3.0 40  -0.1 0  3.9* 60  -0.2 0  3.9* 60  -0.7 -10  4.0* 60  2.9 40  3.9* 60 
M 0.9 kg ± 62%  4.8 40  1.3 10  3.3 30  -0.9 -10  4.7 40  1.8 20  5.0* 50  -1.3 -10  3.3 30 
The ICC for fat mass ranged from 0.88-0.99 
For annotations, see the bottom of Table 2. 
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Table 4.5. Percent change in the mean and typical error of measurement (TEM) associated with DXA measurements for bone mineral content 
(BMC) 
   
 
SWE 
 Immediate  a.m. to p.m.  a.m. to a.m.  a.m. to Meal 
   
∆Mean  TEM ∆Mean  TEM ∆Mean  TEM ∆Mean  TEM 
  
Mean ± SDa % g % g % g % g % g % g % g % g % g 
Total BMC 
F 2.7 kg ± 12%  0.8 22  -0.1 -1  1.0* 28  0.5 13  1.0* 28  -0.3 -8  1.1* 30  0.8* 23  1.2* 33 
M 3.3 kg ± 14%  1.0 33  0.3 9  0.7 23  0.3 9  0.7 23  -0.2 -8  0.7 24  0.4 14  0.7 23 
Trunk BMC 
F 0.8 kg ± 16%  1.2 10  0.2 1  2.7* 23  1.2* 10  3.1* 26  -0.9 -8  2.7* 23  1.2* 10  3.4* 29 
M 1.0 kg ± 16%  1.2 12  0.7 8  2.2* 22  0.1 1  2.2* 22  -0.7 -8  2.2* 22  0.7 8  2.2* 22 
Legs BMC 
F 1.0 kg ± 13%  1.0 10  -0.2 -2  0.7 7  0.3 3  0.8 9  -0.1 -1  0.8 9  0.6 6  0.8 8 
M 1.3 kg ± 14%  1.1 14  0.2 2  0.5 7  0.2 3  0.8 10  0.0 0  0.7 9  0.4 5  0.5 7 
Arms BMC 
F 0.3 kg ± 16%  1.1 3.9  0.2 1  1.5* 5  0.2 1.0  1.5* 5  -0.2 -1  1.6* 6  1.2* 4  1.6* 6 
M 0.5 kg ± 16%  1.3 6.0  -0.6 -2  1.3* 6  0.5 2.0  1.6* 7  0.5 2  1.3* 6  -0.3 -1  1.3* 6 
The ICC for fat mass ranged from 0.68-0.99 
For annotations, see the bottom of Table 2. 
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4.4 DISCUSSION AND CONCLUSIONS 
This is the first study in a trained population to systematically examine changes 
in both measurement values and the typical errors associated with technical and 
biological variability of DXA measurements of whole and regional body 
composition. Our study focused on DXA estimates of body composition as a single 
measurement or in a short-term situation where real changes in body composition are 
unlikely to occur. The main findings were that, when a standardised protocol was 
implemented (fasted, rested presentation with standardised subject positioning and 
scanning protocol), the typical errors of measurement of total body composition were 
trivial, but measurements of regional body composition showed substantial typical 
errors. Furthermore, the consumption of a specific meal or a random aggregate of 
common daily activities including intake of food and fluid, exercise, bladder voiding, 
and bowel movement affected DXA estimates of total and regional body composition 
and increased the errors of measurement of these values. Specifically, these activities 
were associated with an increase in values of total and trunk mass, total and trunk 
lean mass, and some changes to measurements of leg lean mass. On the other hand, 
values for estimates of body fat were not affected by daily activities or the intake of a 
meal. Daily activities including the intake of fluid or food may increase estimates of 
total, trunk, and arm BMC. In many cases, the typical errors of measurement of body 
composition, particularly for regional sites, exceeded the smallest worthwhile effect. 
These results have implications for the development of standardised protocols for 
using DXA technology to measure body composition in trained populations in short-
term situations, as well as the interpretation of scan results.  
One of the limitations of DXA is the variability in lean mass estimation as a 
result of changes in soft tissue hydration. Our findings were consistent with studies 
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that have investigated the effect of food and fluid intake on DXA measurements of 
body composition in sedentary subjects (54, 148, 161). Horber et al. (54) examined 
the immediate effects of food and fluid intake on DXA body composition estimates 
by scanning six healthy subjects immediately before and 1 h after a meal. They found 
significant changes in body weight and lean mass 1 h after lunch and dinner but not 
breakfast. These authors attributed these findings to the size of the meal, with their 
breakfast meal being too small to influence results. The findings were also consistent 
with another cross-sectional study of 41 elderly males where changes in body 
composition estimates 1 h after a small breakfast meal (~550 g) were found to be 
insignificant (161). Thomsen et al. (148) also reported changes in DXA estimates of 
total and lean mass in the 30–60 min after the intake of a standard meal of ~1300 g 
and 10 to 30 min after the consumption of 1 L of water. These studies support the 
size of the meal as an important confounding variable that should be standardised if 
measurement error is to be minimised. 
It is tempting to consider the development of a simple correction factor for 
DXA estimates of body composition to account for meals of a given size that are 
eaten in the period before a scan. However, our model, based on observations of 
different meal sizes (200- to 2000-mL meals) and variation in the time between the 
meal and the repeat scan (15–60 min, Measurement 5), suggests a more complicated 
interaction between the size and timing of a meal, the composition of the meal, and 
potentially the effects of gastrointestinal gas after food consumption. Although 
measurements taken soon after the ingestion of a meal or fluid can be expected to 
detect the presence of this matter in the trunk region (i.e., still in the gut), our 
comparison of a.m. to p.m. measures of body composition, which included several 
randomly occurring occasions of food and fluid intake, showed a smaller increase in 
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trunk mass and trunk lean and an increase in these values for the leg region. This is 
likely to reflect the absorption of food and fluid from the gut and shifts in regional 
fluid compartments that had also occurred as a result of gravity, daily activities, or 
purposeful exercise. „„Adjustment factors‟‟ derived in our study to account for the 
changes in DXA estimates of body composition after the intake of a meal (taking in 
account the amount and timing of intake) were crude and probably impractical to 
use. More importantly, they fail to adequately adjust for changes in measures of 
regional body composition, particularly because they are unlikely to be able to 
account for variability in the rate of absorption of ingested food and fluid arising 
from differences in meal composition or individual variability. Therefore, 
standardising the scanning protocol, by having subjects present after an overnight 
fast, seems to be the most practical way to minimise these measurement errors. 
The TEM (reported as CV) of both whole and regional body composition 
measured by DXA under various conditions was thoroughly investigated in our 
study. Generally, we found trivial typical errors in the immediate condition of total 
mass, lean, fat, and BMC, which demonstrated minimal technical variability 
associated with our scanning protocol (Table 4.2-Table 4.5). The typical errors of 
measurement increased with daily activities and the intake of a meal. Overall, the 
typical errors of whole-body measurements in our study were smaller than those 
previously reported in studies involving athletic populations (Table 3.1). 
Furthermore, the typical errors were similar across the range of physique in our 
cohort (data not shown). Part of the TEM is as a result of an inherited within-
machine error of any DXA machine or „„noise‟‟ that cannot be altered (classified as 
technical error of measurement). However, a second source of technical error comes 
from the positioning of the individual on the scanning bed, with alterations to limb 
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positioning and shape creating variability in measurements (78). Our smaller typical 
errors of measurements may be due to our strict subject standardisation protocol and 
the involvement of a single technician in positioning, scanning, and analysing the 
scans. Particular attention was also given to the positioning of the subject on the 
scanning bed; custom-made foam blocks were purposely designed to standardise the 
subject‟s positioning at every scanning time point. Our results suggest that 
implementing a meticulous scanning protocol can minimise technical error and is 
consequently highly recommended. Ideally, researchers who undertake DXA 
measurements of body composition should report their scanning protocol and 
standardisation techniques and provide information on their machine and population-
specific typical errors of measurement to assist in the interpretation of their results; 
this currently does not seem to be the case (Table 3.1). 
Only a few studies have examined the TEM of regional body composition 
measured by the DXA. Overall, the typical errors of regional sites in our study were 
higher than for measurements of whole-body composition. This was particularly 
apparent for values of body mass and BMC, whereas the arm region of lean and fat 
mass, as well as trunk BMC, produced the highest typical errors (Table 4.2-Table 
4.5). However, our typical errors of regional lean and fat mass were smaller than 
those reported in studies of sedentary populations (29, 87). For example, typical 
errors of measurement of the trunk, leg, and arm lean regions in our study ranged 
from 1.3% to 1.7%, compared with 1.8% to 8.3% found in previous studies (29, 87). 
For regional fat mass, our typical errors of measurement ranged from 1.4% to 3.9%, 
compared with 2.1% to 11.7% from studies of sedentary individuals (29, 87). 
Although previous studies that have reported typical error measurements of 
regional body composition have not provided information on subject presentation, 
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subject positioning, and scanning techniques (Table 3.1), we can speculate on factors 
that might increase typical errors of measurement of regional sites. In addition to the 
variability related to inherent machine error and subject positioning, the extraction of 
regional physique information requires the demarcation of the scan into regions 
based on anatomical landmarks. Default settings are chosen by the machine software 
but can be overridden by the technician. The protocols for undertaking such 
segmentation, and the experience of the technician in consistently applying these, are 
likely to affect the variability of measurements. Clearly, this is another area that 
needs to be standardised as well as possible and needs to be reported in the 
methodology sections of published studies. 
The results of this study specifically apply to the interpretation of body 
composition measurements in situations involving single measures or during 
repeated measurements that are made during a very short period. In these situations, 
„„real‟‟ changes in body composition are unlikely, and the use of a standardised 
scanning protocol will ensure that the „„noise‟‟ associated with the technical or short-
term biological variability is minimised. In applying these results to the use of DXA 
to measure serial changes in body composition in individuals, it might be important 
to consider other sources of biological variability that occur over the longer term 
without signifying a real change in characteristics of interest such as body fat or 
muscle mass; such sources could include chronic changes in body fluid balance or 
fluid retention associated with phases of the menstrual cycle. Regardless, the 
interpretation of differences or changes in estimates of body composition should be 
undertaken with consideration of the smallest worthwhile effect. This concept has 
not been comprehensively explored in sports nutrition but could theoretically be 
approached in several ways. From a statistical approach, the default approach is 
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when the standardised value reached the threshold for small (≥0.2) (23). We derived 
the smallest worthwhile effect based on statistical calculations from a previous study 
involving a range of athletes (137). Our current calculations of the smallest 
worthwhile effect, based on statistical rather than functional outcomes, suggest that, 
if the best precision is required, DXA scanning protocols require standardisation of 
the subject presentation (overnight fasted, rested), a rigorous protocol of positioning 
on the scanning bed, and a consistent approach to segmenting the scan into regional 
areas in the analysis phase. The contribution of the skill of the technician in 
positioning the subject and analysing the scan could also be measured. However, 
accepting these conditions places some logistical constraints on the use of DXA for 
measuring whole or regional body composition in athletic populations. For example, 
the machine can only be used in the morning, a limited number of athletes can be 
scanned on a single day, and training sessions may have to be shifted to 
accommodate machine availability, etc. How important it is to accept such 
limitations needs to be addressed. 
Ideally, it is desirable to base calculations of smallest worthwhile effects on a 
functional or practical outcome to know the magnitude of change or difference in a 
parameter that can influence an outcome of interest such as performance, strength, 
metabolic function, adherence to a weight category, etc. This type of research will be 
important in allowing better discussion of the utility of measurements of body 
composition by DXA (or other techniques) in athletic populations and should be 
encouraged. We anticipate that it may discover parameters in which a large change 
or difference relative to the TEM is required before an outcome is detectable. For 
example, a relatively large change/difference in leg lean mass might be required 
before changes/differences in strength can be detected or a substantial 
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change/difference in trunk fat mass related to the TEM may be needed before a 
change/difference in the power needed to cycle uphill is noted. Alternatively, some 
parameters may exist where a small change/difference relative to the TEM may have 
an effect (e.g., a very small difference in body mass may cause an athlete in a weight 
division sport to be placed in an alternative weight category or fail a competition 
„„weigh-in‟‟).  
In summary, daily activities that include food and fluid intake have been shown 
to increase the value of body composition estimates by DXA, as well as the TEM. 
Although our model-based analysis has shown that we can apply „„adjustment 
factors‟‟ to account for the amount of food and fluid consumed, the most practical 
and easiest way is to have a standardised scanning protocol of fasted subjects. In 
addition, technical reliability can be further maximised by having a meticulous 
scanning protocol that includes standardising subjects‟ positioning on the scanning 
bed and a standardised demarcation protocol during the analysis stage and by having 
one technician carrying out the whole process to enhance the consistency between 
scans. Consequently, it is recommended that future studies that use DXA to measure 
body composition report their scanning and analysis protocol so that the level of 
reliability can be assessed. Because there is a lack of data on the smallest worthwhile 
effects for absolute or relative measurements of body composition in specific 
situations in athletic populations, studies to examine these areas are therefore 
warranted. This will delineate the conditions or protocols under which DXA can be 
used to gain meaningful information. 
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Chapter 5: Effects of exercise sessions on 
DXA measurements of body 
composition in active people 
5.1 INTRODUCTION  
We have previously noted that a strict protocol regarding subject positioning 
and presentation is required to minimise the technical error of measurement 
associated with DXA (29, 83, 85, 87, 95). Indeed, we found that the consumption of 
food and fluid (biological variation) substantially altered the reliability of DXA 
estimates of lean mass and regional body composition in active populations (95). 
Consequently, we recommended that any subject who is undergoing a DXA scan to 
assess body composition should ideally be presented in a fasted state to reduce the 
associated biological variability.  However, the practical implication of such 
recommendations is that the period of the day in which DXA can be used to collect 
reliable measurements of whole body composition of subjects is limited.    
A further complication of work involving athletes is that undertaking exercise 
may also interfere with DXA measurements of physique. Exercise or substantial 
physical activity may affect the reliability of DXA estimates, due to expansion or 
reduction of body fluid compartments as a result of dehydration and/or increased 
blood flow and capillary dilation (26, 86, 125). The intake of fluid and/or food pre- 
and/or during exercise, which is often an integral or recommended part of the session 
(118, 125), would further impact (biological variation) on estimates of body 
composition. Differences in the type, duration and intensity of the exercise session 
might influence these direct and indirect effects of physical activity on the reliability 
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of DXA estimates of whole and regional body composition. This issue has not been 
systematically examined either from first principles (i.e. the effect of a standard 
exercise bout on DXA measurements) or from a real-life perspective (i.e. the total 
effects of ad libitum exercise and its related nutrition practices on DXA 
measurements). In setting guidelines for clinical practice, it is important to 
understand the range in variability that is likely to occur from a session of exercise in 
a free-living athletic population.   
Accordingly, the purposes of this study are: 1) to establish reliability of DXA 
in measuring body composition of trained individuals and 2) to ascertain specific 
biological variability associated with two different types of exercise (cycling and 
resistance training) under free-living conditions in active individuals. The outcomes 
of this study could be used to develop protocols to guide the real-life use of DXA-
derived estimates of body composition in athletic populations.  
 
5.2 METHODS 
5.2.1 Subjects 
Fifty-five subjects were recruited from a local pool of well-trained individuals. 
Subjects were classified as trained cyclists if they were members of the Australian 
National cycling team, had a training load of ≥250 km·wk–1 for greater than 2 years, 
and/or competed at the Australian National Championship. Subjects were classified 
as strength-trained if they had a history of resistance training of ≥2 years currently 
undertaking ≥2 strength training sessions per week. All subjects signed a consent 
form approved by the Human Ethics Committee of the Australian Institute of Sport 
and RMIT Human Research Ethics Committee prior to participating in this study. 
Subjects were excluded from the study if they were more than 190 cm tall (i.e. taller 
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than the active scanning area of the DXA machine). Subject characteristics are 
presented in Table 5.1. 
 
Table 5.1. Subject characteristics 
 Cycling  Strength 
14 M 14 F  27 M 
Age (yr) 27.4 ± 8.4 25.6 ± 4.3  30.2 ± 6.1 
Height (cm) 180.1 ± 4.6 169.6 ± 6.6  178.6 ± 6.0 
DXA estimates (kg)     
     Total mass 75.4 ± 5.7 64.6 ± 8.0  80.6 ± 10.2 
     Lean mass 64.0 ± 4.1 48.8 ± 5.5  64.3 ± 7.4 
     Fat mass 8.2 ± 5.6 13.1 ± 5.3  12.8 ± 4.4 
     Bone mineral content 3.1 ± 0.3 2.7 ± 0.5  3.5 ± 0.6 
Duration of exercise session (min) 110 ± 42 79 ± 53  62 ± 10 
Data are expressed as mean ± SD 
M, male; F, female 
 
5.2.2 Study overview 
Each subject underwent three whole body DXA scans over a 1 d period (Figure 
5.1). Each subject undertook Measurements 1 and 2 under standardised baseline 
conditions (early morning, overnight fasted, standardised body positioning on the 
scanning bed), with repositioning between measurements.  
Shortly after Measurement 2, subjects were allowed to consume food and fluid 
ad libitum in accordance with their usual pre- and during exercise nutrition practices. 
Measurement 3 was undertaken immediately after a self-selected, sport specific 
exercise session with standardised positioning on the scanning bed. Strength-trained 
subjects undertook their exercise session at the Australian Institute of Sport Strength 
and Conditioning gymnasium, whereas the cyclists completed their exercise session 
on the roads around the Canberra region during Australian summer and autumn. 
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Comparison of Measurements 1 and 2 enabled calculation of the technical error of 
measurement, while Measurement 3 enabled calculation of the biological variation 
introduced by exercise and ad libitum food and fluid consumption prior to and during 
the exercise session. 
 
 
Figure 5.1. Study design 
 
5.2.3 Standardised baseline conditions 
Subjects were overnight-fasted and had not undertaken any exercise on the 
morning of Measurements 1 and 2. They were asked to wear light clothing and all 
jewellery and metal objects were removed prior to each scan. Subjects were bladder 
voided prior to each scan, with a mid-stream sample collected for later analysis of 
specific gravity using a digital refractometer (UG-1, ATAGO Co. Ltd, Japan).   
 
5.2.4 DXA instrument 
Body composition was measured from a whole body scan using a narrowed 
fan-beam DXA (Lunar Prodigy, GE Healthcare, Madison, WI) with analysis 
performed using GE Encore 12.30 software (GE, Madison, WI). The DXA was 
calibrated with phantoms as per manufacturer guidelines each day prior to 
measurement. The scanning mode was automatically chosen by the DXA machine, 
with all subjects scanned in the standard mode. The scans were analysed 
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automatically by the software but regions of interest were subsequently confirmed by 
the technician.   
 
5.2.5 Standardised DXA operational protocol 
All scans were performed and analysed by one trained technician. All DXA 
scans were undertaken according to the AIS Whole-body DXA Protocol (95). In 
brief, the protocol emphasised the consistency in the positioning of subjects on the 
scanning bed. Subjects were centrally aligned with their feet and hands placed in 
custom-made foam blocks to maintain a constant distance between the feet (15 cm) 
and between the palms and trunk (3 cm). The custom-made blocks were made of 
Styrofoam and were transparent under DXA. Subjects were asked to record details of 
their exercise session, the duration, particular details (e.g. distance, heart rate, 
intensity, type of exercise), as well as the amount of food and fluid consumed prior to 
and during the exercise session. Duration of the exercise session (mean ± SD) for 
cyclists was 110 ± 42 min for males and 79 ± 53 min for females, while the strength 
session was 62 ± 10 min (Table 5.1). 
  
5.2.6 Statistical analysis 
We derived measures of reliability separately for each body compartment, each 
tissue component, each type of exercise session and each gender with a mixed linear 
model realised with Proc Mixed in the Statistical Analysis System (Version 9.2, SAS 
Institute, Cary NC).  The measurements were log transformed before analysis, then 
back transformed after analysis to express the effects and errors in percent units. The 
only fixed effect in the model, the identity of the measurement trial (three levels), 
provided estimates of the means and of changes in the mean between measurements.  
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The random effects were the identity of the subjects (representing consistent 
difference between subjects); the residual error (representing within-subject short-
term test-to-test variability); and a term representing additional error in the post-
exercise measurement.   The errors were combined to provide estimates of the typical 
(standard) errors of measurement and intraclass correlation coefficients expected 
when a morning DXA measurement performed after an overnight fast is followed by 
another measurement performed either immediately with no intervening meal or 
activity, and later after an intervening exercise session (strength-training or cycling) 
with ad libitum food and fluid. All analyses were repeated with an additional fixed 
effect in the model representing the duration of the exercise session as a simple 
numeric predictor (covariate). This predictor allowed estimation of changes in the 
mean per hour of exercise with an additional additive constant representing the 
change with an exercise session of zero duration; errors derived from these analyses 
represented errors with the duration of exercise adjusted to the same arbitrary value 
for all subjects.  
Uncertainty in estimates of changes in the mean and errors of measurement 
was provided by the model and expressed as 90% confidence limits. Inferences about 
the true magnitudes of changes in the mean and differences in errors were 
mechanistic. That is, they were deemed unclear if the confidence intervals included 
substantial positive and negative values; effects were otherwise clear and their 
magnitudes were interpreted probabilistically (53). The typical error of the 
immediate reassessment was classified as technical error of measurement (variation 
caused by the DXA machine and/or repositioning of the subject on the scanning 
bed), while the typical errors of the reassessment after exercise included technical 
error and the effect of the exercise session (inclusive of food and fluid intake).  
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The magnitudes of changes in the mean and of typical errors were interpreted 
after these were standardised by dividing the between-subject standard deviation 
(SD) in the fasting state by one-third. This factor of one-third [∆mean/(1/3 x SD)] 
was used because the between-subject standard deviation  of body measurements in 
our study population was approximately 3 times greater than those previously found 
in a study with athletic populations (137). To our knowledge, there are no published 
data on the smallest worthwhile effects of whole and regional body composition, 
therefore standardisation with an appropriate between-subject standard deviation was 
the appropriate default approach.  Magnitude of standardised effects was assessed 
using the following scale: <0.2 trivial, <0.60 small,<1.20 moderate, <2.0 large (53).  
Changes in the mean were classified as substantial when the standardised value 
reached the threshold for small (≥0.2). To interpret the magnitude of the errors, we 
halved the smallest important effects before assessing it on the above-mentioned 
scale (53, 132). 
A combine/compare effects spreadsheet from the Sportscience website 
(http://sportsci.org) was used to derive relevant statistics (difference and inference) 
for the differences in body composition estimates post exercise between male and 
female cyclists, and between strength-trained subjects and male cyclists.  
 
5.3 RESULTS  
The percentage change in the mean and the corresponding smallest important 
effect, as well as the typical error of measurement for total and regional body 
composition estimates of the immediate reassessment and following an exercise 
session, are presented in Table 5.2 (strength) and Table 5.3 (cycling). In each case, 
results are presented as percent change and raw units (g).  
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5.3.1 Total mass 
For both strength-trained subjects and cyclists, the percentage change in the 
mean following the immediate reassessment (or the technical error of measurement) 
was trivial for total and regional mass estimates (Table 5.2 and Table 5.3). However, 
when taking into account the uncertainty represented by the confidence limits, 
changes in the immediate reassessment of some regional mass estimates in cyclists 
could be small in effect size but substantial in terms of the smallest important effect. 
When the typical errors were doubled to interpret their magnitude, most of the errors 
of the immediate reassessment for total and regional mass estimates for both types of 
exercise were substantial, but small in effect size. 
Following ~1 h of strength training, there were trivial changes in total and most 
regional mass estimates. An exception was for arm mass, where there was a small 
but substantial increase. There was also a possibility of small but substantial changes 
in other regions (trunk and leg masses). Cycling generally produced trivial changes 
in mean total and regional body masses in females, while in males there were small 
but substantial changes in mean total, trunk and arm masses. Both types of exercise 
increased the typical error of measurement slightly, but all were still small in 
magnitude.  
 
5.3.2 Lean mass 
Changes in the immediate reassessment of total and regional lean mass were 
similar to those found in total mass. That is, there were trivial changes in the 
immediate reassessment for total and regional lean mass estimates for both strength-
trained subjects and cyclists. However, when taking into account the uncertainty 
represented by the confidence limits, changes in lean mass in the immediate 
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reassessment in all cyclists could be substantial in relation to the smallest important 
effect, but small in effect size. The typical errors for all lean mass estimates were 
small but substantial for both strength-trained subjects and cyclists.  
Changes in total and regional lean masses following a strength or a cycling 
session were similar to changes in total masses. Following a strength session, there 
were trivial changes in total and most regional lean masses, with the exception of 
arm lean mass where there was a small but substantial increase. However, when 
taking into account the uncertainty represented by the confidence limits, changes in 
trunk and leg lean masses in strength-trained subjects could be substantial. Similar 
changes in lean masses were also observed in cyclists. A cycling session by females 
produced trivial changes for all lean masses. There were small but substantial 
changes in male cyclists for lean mass regions. Both types of exercise increased the 
typical error of measurement slightly, but all were still small in magnitude. 
 
5.3.3 Fat mass 
There were trivial changes in the immediate reassessment for total and regional 
fat mass estimates in both strength-trained subjects and cyclists. However, when 
taking into account the uncertainty represented by the confidence limits, the changes 
in the immediate reassessment for trunk and arm fat could be substantial but small in 
cyclists. The typical error of measurement in the immediate reassessment in both 
types of exercise was mostly small in effect size but substantial in comparison to the 
smallest important effects.  
Following a strength exercise or a cycling session, there were trivial changes in 
total and regional fat masses. However, many of the changes in fat mass in both 
types of exercise could be substantial but small in effect size. The typical error of 
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measurement of fat mass increased slightly following both types of exercise, 
although values were small in magnitude.  
 
5.3.4 Bone mineral content 
Both strength-training and cycling exercise produced trivial changes in the 
immediate reassessment for total and regional bone mineral content. However, when 
taking into account the uncertainty represented by the confidence limits, changes in 
the immediate reassessment for trunk and arm bone mineral content could be 
substantial in male subjects. Typical errors of measurement for total and regional 
bone mineral content in the immediate reassessment were small in effect size but 
substantial in comparison with the smallest important effect. 
Following both strength and cycling sessions, there were trivial changes for 
total and regional bone mineral content. However, cycling sessions in males 
produced small but substantial changes in trunk and arm bone mineral content. Most 
of the typical errors of measurement of bone mineral content following both types of 
exercise increased slightly, but were still small in value. 
 
5.3.5 Female-male cyclist comparison 
 Following a cycling session, there were clear but small differences in the 
changes between male and female cyclists in total and regional body composition 
estimates. In particular, male cyclists lost more total mass (90% confidence limits 
±0.5%), trunk mass (±1.0%), trunk lean mass (±1.3%) and trunk bone mineral 
content (±1.7%) compared to female cyclists. However, males were more likely to 
gain arm mass (±1.5%), arm lean (±1.6%) and arm bone mineral content (±1.7%) 
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estimates post cycling. There were no differences in total and regional fat estimates 
between male and female cyclists.     
There were also some small but substantial differences in the typical error of 
measurement between male and female cyclists. The typical errors following a 
cycling session were smaller in females for total lean (90% confidence limits ±0.4%) 
and trunk lean mass (±0.7%) estimates. Males were more likely to experience greater 
errors for arm mass (±0.9%), arm lean mass (±0.9%) and leg fat mass (±2.4%).  
However, male cyclists had lower error of measurement for arm fat mass estimates 
(±2.8%). 
 
5.3.6 Strength-cycling exercise comparison 
There were small but substantial differences in post exercise measurements 
between strength-trained subjects and male cyclists for total and regional body 
composition estimates. Male cyclists lost more total mass (90% confidence limits 
±0.4%), trunk mass (±0.9%), arm mass (±1.4%), total lean mass (±0.4%), trunk lean 
mass (±1.0%), arm lean mass (±1.5%), trunk fat mass (±3.3%) and trunk bone 
mineral content (±1.6%). They were also likely to gain leg lean mass (±0.8%) and 
arm bone mineral content (±1.5%) compared to strength-trained subjects.  
Measurements in male cyclists were likely to produce more errors than 
strength-trained subjects, particularly for arm mass (±0.8%), arm lean mass (±0.8%), 
trunk fat mass (±1.5%), leg fat mass (±2.3%) and arm bone mineral content estimates 
(±0.8%). 
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5.3.7 Effect of exercise 
We modelled the effect of the exercise and its related practices of food and 
fluid intake with a covariate to estimate change in the mean value of measurements 
per hour of exercise, plus a constant representing the change with an exercise session 
of zero duration. As expected, the model predicted the change in the dependent 
variable for the mean duration of exercise, but the typical error of measurement did 
not decrease substantially with this model (data not shown).  
  
 
 
8
4 
Table 5.2. Change in the mean (∆mean) and typical error of measurement (TEM) for DXA measurements of total mass, lean mass, fat mass and 
bone mineral content in 27 strength-trained subjects.  Data are shown for immediate reassessment in the rested state and for reassessment after an 
exercise session 
  
  
Smallest 
important 
effect
b 
 
Immediate Reassessment 
 
Reassessment After Exercise 
    
∆mean ±CL TEM ×/÷CL 
 
∆mean TEM 
 
∆mean ±CL TEM ×/÷CL 
 
∆mean TEM 
  Mean ± SD
a
 
 
% g 
 
% 
 
g 
 
% 
 
g 
Total mass 80.6 kg ± 13% 
 
0.9 690 
 
0.0 0.1 0.1 1.26 
 
10 90 
 
0.4 0.2 0.4 1.26 
 
290 320 
Trunk mass 37.3 kg ± 13% 
 
0.9 320 
 
0.2 0.3 0.7 1.26 
 
60 260 
 
0.8 0.5 1.2 1.27 
 
300 450 
Leg mass 27.4 kg ± 14% 
 
1.0 270 
 
-0.3 0.4 0.8 1.26 
 
-80 230 
 
-0.8 0.4 1.0 1.32 
 
-220 280 
Arm mass 10.8 kg ± 15% 
 
1.1 110 
 
0.3 0.7 1.4 1.18 
 
30 150 
 
2.0* 0.6 1.4 1.18 
 
220 150 
Total lean 64.2 kg ± 12% 
 
0.8 520 
 
0.0 0.3 0.6 1.26 
 
10 390 
 
0.4 0.3 0.7 1.36 
 
270 430 
Trunk lean 29.3 kg ± 11% 
 
0.8 230 
 
0.1 0.6 1.2 1.27 
 
30 360 
 
0.7 0.7 1.5 1.32 
 
210 450 
Leg lean 21.6 kg ± 13% 
 
0.9 200 
 
-0.2 0.5 1.0 1.26 
 
-50 220 
 
-0.8 0.5 1.2 1.34 
 
-160 250 
Arm lean 9.2 kg ± 15% 
 
1.1 100 
 
0.4 0.6 1.4 1.18 
 
30 130 
 
2.6* 0.6 1.4 1.18 
 
240 130 
Total fat 12.9 kg ± 35% 
 
2.4 300 
 
0.1 1.1 2.5 1.18 
 
10 320 
 
0.2 1.0 2.5 1.18 
 
20 320 
Trunk fat 6.9 kg ± 38% 
 
2.6 180 
 
0.8 1.8 4.0 1.18 
 
60 270 
 
1.4 1.6 4.0 1.18 
 
100 270 
Leg fat 4.5 kg ± 37% 
 
2.6 120 
 
-0.8 1.1 2.5 1.18 
 
-40 110 
 
-1.0 0.9 2.5 1.18 
 
-50 110 
Arm fat 1.1 kg ± 40% 
 
2.9 30 
 
-0.6 2.0 4.4 1.18 
 
-10 50 
 
-2.1 1.7 4.4 1.18 
 
-20 50 
  
 
 
8
5 
Total BMC 3.5 kg ± 16% 
 
1.0 36 
 
0.0 0.4 1.0 1.18 
 
-1 34 
 
0.0 0.4 1.0 1.18 
 
0 34 
Trunk BMC 1.1 kg ± 22% 
 
1.4 16 
 
0.2 1.2 2.7 1.18 
 
2 30 
 
0.4 1.0 2.7 1.18 
 
5 30 
Leg BMC 1.3 kg ± 16% 
 
1.1 14 
 
-0.1 0.3 0.7 1.26 
 
-1 10 
 
-0.4 0.3 0.8 1.37 
 
-5 11 
Arm BMC 0.5 kg ± 17% 
 
1.1 8 
 
-0.3 0.7 1.6 1.18 
 
-1 8 
 
-0.1 0.6 1.6 1.18 
 
0 8 
The intraclass correlation coefficient that corresponding to these TEM ranged from 0.85 to 0.99. 
a
Between-subject SD expressed as a coefficient of variation (%). 
b
Values shown are smallest important values for ∆mean. The smallest important values for the TEM are one-half of these. 
*Small important values. 
CL, 90% confidence limits in ± or ×/÷ form. 
  
 
 
8
6 
Table 5.3. Change in the mean (∆mean) and typical error of measurement (TEM) for DXA measurements of total mass, lean mass, fat mass and 
bone mineral content in 14 female and 14 male cyclists.  Data are shown for immediate reassessment in the rested state and for reassessment after 
an exercise session 
   
 Smallest 
important 
effect 
 
Immediate Reassessment 
 
Reassessment After Exercise 
   
 
 
∆mean ±CL TEM ×/÷CL 
 
∆mean TEM 
 
∆mean ±CL TEM ×/÷CL 
 
∆mean TEM 
  
 
Mean ± SDa  % g 
 
% 
 
g 
 
% 
 
g 
Total mass F 64.7 kg ± 13%  0.8 550 
 
0.2 0.3 0.4 1.40 
 
150 280 
 
0.0 0.4 0.6 1.44 
 
-10 390 
M 75.4 kg ± 8%  0.5 390 
 
0.0 0.1 0.2 1.40 
 
10 150 
 
-0.7* 0.3 0.5 1.39 
 
-490 340 
Trunk mass F 29.1 kg ± 12%  0.8 240 
 
0.4 0.3 0.5 1.40 
 
130 150 
 
0.1 0.6 1.0 1.39 
 
30 280 
M 34.4 kg ± 7%  0.5 170 
 
0.2 0.8 1.2 1.38 
 
50 420 
 
-1.7* 0.8 1.3 1.56 
 
-580 450 
Leg mass F 23.9 kg ± 14%  1.0 240 
 
-0.1 0.6 0.9 1.26 
 
20 210 
 
-0.1 0.5 0.9 1.26 
 
-20 210 
M 26.9 kg ± 10%  0.7 180 
 
-0.2 0.7 1.2 1.26 
 
-50 310 
 
0.1 0.6 1.2 1.26 
 
20 310 
Arm mass F 7.3 kg  ± 15%  1.0 70 
 
0.6 1.0 1.5 1.26 
 
40 110 
 
-0.3 0.8 1.5 1.26 
 
-30 110 
M 9.0 kg ± 10%  0.7 60 
 
0.0 1.0 1.5 1.42 
 
0 140 
 
1.0 1.3 2.1 1.45 
 
90 190 
Total lean F 48.9 kg ± 11%  0.7 370 
 
0.3 0.5 0.8 1.39 
 
170 380 
 
0.0 0.6 1.0 1.45 
 
20 500 
M 64.0 kg ± 6%  0.4 290 
 
-0.1 0.3 0.5 1.26 
 
-50 330 
 
-0.4* 0.3 0.5 1.26 
 
-280 330 
Trunk lean F 22.9 kg ± 10%  0.7 160 
 
0.7* 0.7 1.0 1.39 
 
170 220 
 
0.1 1.1 1.7 1.40 
 
20 390 
M 29.6 kg ± 7%  0.5 140 
 
-0.1 0.6 1.0 1.40 
 
-20 290 
 
-1.5* 0.7 1.2 1.48 
 
-450 360 
Leg lean F 16.9 kg ± 13%  0.9 150 
 
-0.2 0.7 1.1 1.26 
 
-30 190 
 
0.0 0.6 1.1 1.26 
 
0 190 
M 22.4 kg ± 7%  0.5 110 
 
-0.1 0.8 1.3 1.26 
 
-30 290 
 
0.5 0.7 1.3 1.26 
 
100 290 
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Arm lean F 5.7 kg ± 16%  1.1 60 
 
0.5 1.0 1.6 1.26 
 
30 90 
 
-0.1 0.9 1.6 1.26 
 
0 90 
M 7.9 kg ± 8%  0.6 50 
 
-0.1 0.9 1.4 1.41 
 
-10 110 
 
1.0* 1.4 2.2 1.43 
 
80 170 
Total fat F 13.1 kg ± 40%  2.9 390 
 
-0.1 1.3 1.9 1.39 
 
-20 250 
 
-0.8 1.2 2.1 1.57 
 
-100 270 
M 8.3 kg ± 67%  4.0 330 
 
0.9 2.2 3.3 1.40 
 
70 270 
 
-2.4 2.1 3.7 1.57 
 
-200 300 
Trunk fat F 5.4 kg ± 47%  3.6 200 
 
-0.8 3.0 4.6 1.39 
 
-40 250 
 
-1.5 2.9 5.0 1.56 
 
-80 270 
M 3.8 kg ± 62%  4.1 150 
 
2.3 3.7 5.7 1.27 
 
90 220 
 
-3.2 3.0 5.7 1.27 
 
-120 220 
Leg fat F 5.9 kg ± 37%  2.6 160 
 
0.1 0.9 1.4 1.40 
 
10 80 
 
-0.3 1.0 1.6 1.52 
 
-20 100 
M 3.3 kg ± 78%  4.4 150 
 
-1.3 2.8 4.4 1.41 
 
-40 150 
 
-2.1 2.7 4.8 1.58 
 
-70 160 
Arm fat F 1.3 kg ± 46%  3.7 50 
 
1.5 2.4 3.7 1.27 
 
20 50 
 
-1.7 2.0 3.7 1.27 
 
-20 50 
M 0.8 kg ± 68%  4.3 30 
 
1.9 3.4 5.2 1.40 
 
10 40 
 
0.2 3.3 5.7 1.57 
 
0 40 
Total BMC F 2.7 kg ± 19%  1.3 36 
 
-0.1 0.5 0.8 1.26 
 
-4 23 
 
-0.2 0.5 0.8 1.26 
 
-6 23 
M 3.1 kg ± 9%  0.6 18 
 
0.0 0.5 0.8 1.42 
 
1 24 
 
-0.4 0.5 0.9 1.57 
 
-12 28 
Trunk BMC F 0.8 kg ± 25%  1.9 15 
 
-0.1 1.4 2.2 1.26 
 
-1 18 
 
0.3 1.2 2.2 1.26 
 
2 18 
M 0.9 kg ± 13%  0.9 8 
 
0.0 1.6 2.5 1.26 
 
0 23 
 
-1.4* 1.3 2.5 1.26 
 
-13 23 
Leg BMC F 1.0 kg ± 20%  1.4 15 
 
0.0 0.4 0.6 1.26 
 
0 6 
 
-0.6 0.3 0.6 1.26 
 
-6 6 
M 1.2 kg ± 11%  0.8 10 
 
0.3 0.3 0.5 1.39 
 
3 6 
 
-0.3 0.5 0.8 1.42 
 
-3 9 
Arm BMC F 0.4 kg ± 19%  1.4 5 
 
-0.2 1.1 1.8 1.26 
 
-1 6 
 
-0.5 1.0 1.8 1.26 
 
-2 6 
M 0.5 kg ± 8%  0.6 3 
 
-0.3 0.7 1.1 1.41 
 
-1 5 
 
1.1* 1.4 2.1 1.40 
 
5 10 
The intraclass correlation coefficient that corresponding to these TEM ranged from 0.40 to 0.99. 
a
Between-subject SD expressed as a coefficient of variation (%). 
bValues shown are smallest important values for ∆mean. The smallest important values for the TEM are one-half of these. 
*Small important values. 
F, female; M, male; CL, 90% confidence limits in ± or ×/÷ form. 
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5.4 DISCUSSION AND CONCLUSIONS 
This is the first study in an active  population to systematically examine 
changes in DXA body composition estimates and their typical errors of measurement 
associated with whole and regional body composition estimates following an 
exercise session that included the consumption of ad libitum food and fluid in 
accordance with the subject‟s usual pre- and during exercise nutrition practices. The 
sole effect of exercise on body composition estimates was not examined in this study 
because food and fluid intake before and during an exercise session is an integral part 
of everyday training of athletes, and should therefore be considered in conjunction 
with exercise. Our main findings were that changes in the mean for many total and 
regional body-composition estimates post exercise were trivial; however, when 
taking into account the uncertainty represented by the confidence limits, there was 
also a possibility of small but substantial change in many cases. In general, an 
exercise session produced a slight increase of approximately 1.10 fold (or 10%) in 
the typical error of measurement, although the increase in errors associated with the 
arm and trunk regions were slightly higher compared to other regions.  
Our further findings were that following a strength session, there were trivial 
changes in the estimates of most total and regional body composition characteristics. 
Changes in the values of arm mass and arm lean mass were small in effect size but 
substantial in terms of the smallest important effect. The increase in value of the arm 
region is thought to be due to the increased blood flow and capillary dilation 
associated with the upper body strength exercises that formed the major part of the 
session (as documented in the training diary). There was also a possibility of small 
but substantial changes in trunk and leg mass and lean mass, as well as trunk and arm 
fat mass following a gym session. Similarly, a cycling session by females generally 
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produced trivial changes in total and regional mass and lean mass. However, changes 
in the trunk lean, and trunk and arm fat mass could be substantial. A cycling session 
by male cyclists, on other hand, generally produced small but substantial changes in 
most body mass and lean mass estimates, and most changes in fat regions could be 
substantial when taken into account the uncertainty represented by the confidence 
limits. The typical error of measurement calculated from immediate reassessment, 
which is also classified as the technical error of measurement (often expressed as the 
within-subject coefficient of variation) were ~0.6% (~370 g) for lean mass and 
~2.5% (~280 g) for fat mass. This is similar to the results from our previous study of 
active individuals of lower athletic caliber and training history, and confirms the 
value of undertaking DXA measurements following a strict and standardised 
protocol (95).   
Previously (95), we have found small but substantial increases in values for 
total and regional lean mass following an acute intake of a meal. We might have 
expected larger perturbations in values in the present study associated with vigorous 
exercise. However, it is important to recognise that our exercise sessions also 
included the normal intake of food and fluid, and since the direction of change in 
values was opposite (i.e. decrease associated with exercise and increase associated 
with food/fluid intake), the net change was small. This may not be the case if 
exercise sessions are of greater duration and/or intensity, as evidenced by the 
observations of greater changes in our male cyclists who, by chance, undertook 
sessions of longer duration (male; 110 ± 42 min vs. female; 79 ± 53 min). The 
reduction in value for total mass and total lean observed in male cyclists is thought to 
be associated with dehydration. Furthermore, a cycling session can also produce fluid 
recompartmentalisation where there is shunting of blood volume from the trunk to 
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the periphery (92, 121). A small aspect of this effect could have occurred in this 
study where there was a reduction in value of trunk mass in conjunction with an 
increase in leg and arm mass. However, this effect was not observed in female 
cyclists as the effect of fluid recompartmentalisation on DXA values could have been 
compensated by food and fluid intake during a shorter cycling session.   
The increase in the magnitude of typical error of measurement has an important 
implication for the sample size of any research study. For example, an increase of 
~10% in the typical error of measurement post exercise as observed in this study 
would lead to an increase of ~20% in sample size of any future research involving 
controlled trials investigating changes in body composition over time or as a result of 
an intervention. Although the required increase in sample size may be small, it may 
lead to substantially greater financial cost (e.g. equipment and staff cost etc.) and 
time burden for the researchers. Alternatively, failing to accommodate the need for 
an increased sample size may increase the chance of incurring a Type II error in such 
studies. 
When the duration of the exercise session was modelled with a covariate, the 
model was able to predict the change in the mean of body composition estimates, 
however, the typical error of measurement did not substantially decrease. Therefore, 
we conclude that there is no advantage in adjusting for the duration of exercise using 
parameters derived by the crude model that included a covariate for exercise 
duration. If we had included measures of food intake, fluid intake, and exercise 
intensity, the resulting model may have resulted in a reduction in error. However, it 
would be impractical to adopt this approach for the small improvement in error.  
Under the current AIS Whole-body DXA Scanning Protocol (95), all subjects 
undergoing a whole-body DXA scan must be presented in a fasted, rested and 
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euhydrated state. This scanning protocol has many practical implications in the sport 
setting where it could interfere with the athletes‟ daily training schedule, and 
potentially preventing them from undergoing a whole-body DXA scan. It is therefore 
tempting and potentially more convenient to scan athletes following an exercise 
session and use the regression equations to adjust the body composition estimates, 
accounting for the effect of the exercise session. However, with the increase in 
typical error of measurement post exercise, as well as the increased in uncertainty of 
body composition estimates and the lack of reduction in the typical error of 
measurements associated with the adjusted estimates, the regression equations should 
not be used.  
To our knowledge, there are currently no data on the smallest important effect 
of body composition estimates – a magnitude of change or difference in a body 
composition parameter (e.g. total lean mass) that can influence performance. Having 
a rigorous scanning protocol will ensure that any “noise” associated with the 
technical and biological variability of whole-body DXA scanning is minimised. This 
will also increase the confidence in the observed “real” or absolute changes in body 
composition measurement estimates. Therefore, the most practical and easiest way to 
ensure best precision is to have all subjects fasted and rested, as well as having a 
meticulous scanning protocol (95).  
In summary, exercise and its related practices of food and fluid intake are 
associated with changes in the mean estimates of total and regional body-
composition that range from trivial to small but substantial. An exercise session also 
increases the typical error of measurement of these characteristics by ~10%. 
Although we could potentially “adjust” for the changes in body composition 
estimates using regression equations, it is not recommended due to the increase in 
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uncertainty represented by wider confidence limits. Therefore, the easiest and most 
practical way to minimise the biological “noise” associated with undertaking a DXA 
scan is to have a standardised scanning protocol with fasted and rested subjects. We 
have investigated the effect of two types of exercise sessions and its related nutrition 
practices have on DXA body composition estimates. Therefore, it is not clear 
whether similar results apply to other types of exercise session (e.g. swimming, 
running etc.) or in other environmental condition (e.g. hot condition). It is, however, 
speculated that a greater change in DXA measurements could occur if the exercise 
session is long and intensive. This will be exacerbated if a subject has limited access 
or opportunities to consume food and/or fluid during the session and if the session 
was undertaken in a hot condition where higher fluid deficit could occur. The 
opposite is also possible on the other extreme, for example, a subject may over drink 
during a short session that is light in intensity in a cool condition. The variability and 
the uncertainty of outcomes confirm the benefits of standardised protocol of fasted 
and rested conditions. Until sufficient data on the smallest important effect are 
available, both biological and technical “noises” should be minimised so that any 
small but potentially “real” changes can be confidently detected.  
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Chapter 6: Techniques for undertaking 
DXA whole-body scans to 
estimate body composition in tall 
and/or broad subjects 
6.1 INTRODUCTION 
One of the limitations of DXA, however, is the size of the active scanning area. 
Since DXA machines have been developed primarily to measure bone mineral 
content, their design reflects both the profile of targeted groups (e.g. elderly females) 
and the focus on specific bone regions. Typical dimensions of the active scanning 
area of most commercial DXA machines are 60-66 cm wide by 193-198 cm long. 
The actual scanning area, which must accommodate an empty space at the 
commencement of the scan to initiate readings, is smaller than this (41). In practice, 
it is difficult to scan an individual >~190 cm tall or with a supine body width 
including the separation of their arms >~58 cm. This is clearly problematic for sports 
in which height is a favourable characteristic; rowing, volleyball and basketball 
feature athletes >195-200 cm tall (e.g. rowing, volleyball, basketball) (101). 
Similarly, the trunk breadth and large muscle mass favourable for other sports (105) 
(e.g. body building, rowing, rugby codes) exceeds the width of the active scanning 
area of the DXA machine.   
The inability to measure whole body composition of tall and/or large 
individuals using current standardised DXA techniques represents a limitation to 
clinical practice where the increasing access to DXA is otherwise allowing it to 
become the preferred choice for physique assessment. It may also bias the sampling 
processes in research where DXA is used to monitor physique traits, characterise a 
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subject population or monitor the effects of an intervention to alter physique. This 
may become an even greater problem if secular trends to increase body size in 
general and athletic populations continue.  
Several techniques have been suggested to overcome the limitations of the 
small scanning area associated with DXA. For example, tall subjects can be scanned 
with the exclusion of the head or feet, or scanned with bent knees to allow both the 
head and feet to be included in the scan (37, 127). Another alternative is to sum two 
partial scans, with preference given to dividing the body at the neck than at the hip 
(37). Another option is “mummy wrapping”; a technique in which a large/broad 
subject is tightly wrapped with a bed sheet so that the whole body region falls within 
the active scanning area. To date, comparisons between these different scanning 
options have not been thoroughly investigated, particularly when measuring 
individuals who are both tall and broad are considered.  
Therefore, the aim of this study was to investigate techniques to estimate whole 
body composition in active people that could be applied to individuals with tall 
and/or broad physiques that are both reliable and practical. Since additional DXA 
scanning to accommodate large subjects requires more testing time, increased 
radiation exposure and technician manipulation and analysis, the solution should 
include the fewest scans possible to achieve results with acceptable levels of 
reliability. We excluded the bent knees and “mummy wrapping” techniques since 
these are both impractical and prevent accurate measurements of regional 
distribution of body composition; information which is of interest to athletic 
populations.     
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6.2 METHODS 
6.2.1 Subjects 
We recruited 30 subjects (15 males and 15 females) from a local pool of 
physically active individuals, who would represent the range of physiques found 
among athletic sub-populations who fit the scanning area. Specifically, subjects were 
excluded from the study if they were more than 190 cm tall (i.e. taller than the active 
scanning area of the DXA machine) and broader than the width of the scanning area 
when positioned according to our protocol (see below). Subjects were required to be 
in a structured training program of at least 4 h·wk
–1
. All subjects signed a consent 
form approved by the Human Ethics Committee of the Australian Institute of Sport 
and RMIT Human Research Ethics Committee prior to participating in this study. 
Subject characteristics are described in Table 6.1. 
 
Table 6.1. Subject characteristics 
 All Males Females 
Age (yr) 31 ± 7 31 ± 8 30 ± 7 
Height (cm) 174 ± 8 179 ± 5 168 ± 7 
Scale body mass (kg) 70.7 ± 11.1 78.0 ± 9.3 63.4 ± 7.6 
DXA estimates (kg)    
   Total mass 71.1 ± 11.4 78.7 ± 9.3 63.5 ± 7.7 
   Lean mass 53.5 ± 10.8 61.9 ± 7.8 45.1 ± 5.4 
   Fat mass 14.5 ± 5.2 13.3 ± 5.3 15.8 ± 4.9 
   Bone mineral content 3.1 ± 0.6 3.5 ± 0.5 2.6 ± 0.3 
Data are expressed as mean ± SD. 
 
6.2.2 Study overview 
Each subject underwent one whole-body (WHOLE SCAN) and 4 partial DXA 
scans in a single testing session (over ~30 minutes) in a random positioning order 
under standardised conditions of resting and fasting (95). Subjects were re-positioned 
  
96 
 
after each scan. Various combinations of the partial scans were summed to estimate 
total body composition; these were compared with the WHOLE SCAN for estimates 
of total mass, bone mineral content (BMC), fat mass and lean mass (Figure 6.1).  
Ideally, the technical error of measurement (TEM) associated with summed 
partial scans should be derived from body composition estimates of repeated 
measurements of summed partial scans. However, repeated partial scans could not be 
undertaken for this study due to higher radiation exposure associated with increased 
number of DXA scans. An alternative method to derive the technical error was to 
combine the error associated with whole body scanning (95) with those of partial 
scans from the current study. See Statistical analysis for further detail. 
 
 
Figure 6.1. DXA positioning protocol 
 
6.2.3 Standardised scanning conditions 
Subjects were fasted and rested (no exercise) for at least 3 hours before the 
scans. They were also instructed not to drink any fluid during that period. All 
subjects wore light clothing consisted of plain t-shirts and shorts. All jewellery and 
metal objects were removed and subjects voided their bladder prior to scanning.  
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6.2.4 DXA instrument 
Body composition was measured using a narrowed fan-beam DXA (Lunar 
Prodigy, GE Healthcare, Madison, WI) with analysis performed using GE Encore 
13.60 software (GE, Madison, WI). The DXA was calibrated with phantoms as per 
manufacturer guidelines each day prior to measurement. All of the scans were 
undertaken using the standard thickness mode, which was automatically chosen by 
the software. 
 
6.2.5 DXA operational and positioning protocol 
All scans were performed and analysed by one trained technician according to 
the AIS Whole body DXA Scanning Protocol which emphasises consistency in the 
positioning of subjects on the scanning area of the DXA instrument (95). 
Specifically, for all positioning techniques, the subject‟s feet were placed in custom-
made foam blocks to maintain a constant distance between the feet (15 cm) in each 
scan and their hands were placed in custom-made foam blocks so that they were in a 
mid-prone position with a standardised gap (3 cm) between the palms and trunk. 
These custom-made blocks were made of Styrofoam and were transparent under the 
DXA scan. 
The partial scanning areas were vertex (in the Frankfort plane) to menton (the 
inferior point of the mandible) [HEAD SCAN], whole body from menton down 
(BODY SCAN), right side of the body (RIGHT SCAN) and left side of the body 
(LEFT SCAN) (Figure 6.1). Specifically, for WHOLE SCAN, HEAD SCAN and 
BODY SCAN, the technician positioned the subjects to ensure that they were 
centrally aligned in the scanning area. For the HEAD SCAN position, the scan was 
initiated as per usual protocol but terminated at the superior aspect of the shoulders 
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so that only the entire head region was measured. For BODY SCAN, the technician 
initiated the scanner to undertake one sweep and create an empty space before 
allowing the subject to reposition to the top of the scanning bed and rescan from the 
mouth down. For LEFT SCAN, the subjects were shifted to the right side of the 
scanning bed to intentionally allow the right side of the body (e.g. right arm and leg) 
to fall outside of the active scanning area, while ensuring that the mid-line of the 
body (e.g. the mid-spine) was still within the scanning area. The opposite positioning 
protocol where undertaken for the RIGHT SCAN to capture the right side of the 
body (see Figure 6.1). 
 
6.2.6 DXA analysis protocol 
Body composition estimates derived from WHOLE SCAN were compared 
with the addition of HEAD SCAN and BODY SCAN (simulating tall subjects), the 
addition of RIGHT SCAN and LEFT SCAN (simulating broad subjects), and the 
addition of HEAD SCAN with body composition estimates of right body from 
RIGHT SCAN and left body from LEFT SCAN (simulating tall and broad subjects). 
Figure 6.2 summarises the various combinations of these estimates. 
WHOLE SCAN, BODY SCAN, LEFT SCAN and RIGHT SCANS were 
analysed automatically by the software but regions of interest were subsequently 
confirmed by the technician. For the BODY SCAN, special effort was made by the 
technician to ensure that the region of interest started at the menton down. HEAD 
SCAN was manually analysed by the technician using the customised region of 
interest function of the Encore software, and included the vertex to the menton. 
Calculations of the sums of the partial scans were undertaken manually by the 
technician, and examples of these calculations are demonstrated below: 
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 Lean mass for Tall: Head lean + arms lean + legs lean + trunk lean 
 Lean mass for Broad: Right total lean + Left total lean 
 Lean mass for Tall and Broad: Head lean + lean mass of right body 
from RIGHT SCAN (right arms lean + right legs lean + right trunk 
lean) + lean mass of left body from LEFT SCAN (left arms lean + left 
legs lean + left trunk lean)  
 
 
Figure 6.2. Manual calculations of sums of partial scans to estimate whole body 
composition 
 
6.2.7 Statistical analysis 
A reliability spreadsheet from the Sportscience website (http://sportsci.org/) 
was used to derive statistics for comparing body composition estimates of whole 
body DXA scans with those obtained by addition of partial scans (52). The relevant 
statistics were the difference in the means and the technical error of measurement, 
with their confidence limits. In this study, the typical error of measurement was 
equivalent to the technical error of measurement (TEM). This is the variation caused 
by the DXA machine and/or repositioning of the subject on the scanning bed). The 
magnitude of the difference in the means (partial minus whole-body) was interpreted 
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after the difference was standardised by dividing it by a suitable value of standard 
deviation (also known as Cohen‟s effect size or Cohen‟s d statistic), as previously 
described (Nana et al., 2011). Ideally, the estimates of smallest worthwhile 
effects/changes/differences should be based on a functional or practical outcome of 
interest such as performance, strength, metabolic function, adherence to a weight 
category (95). When there are no published data on the smallest worthwhile 
differences in body composition, standardisation is the default approach. In the 
present study, one-third of the between-subject standard deviation was used for 
standardising [∆mean/(1/3 x SD)], because the between-subject SDs of body 
composition in our study population were approximately three times greater than 
those previously found in a study with athletic populations (137). Magnitudes of 
standardised effects were assessed using the following scale: <0.2 trivial, <0.60 
small, <1.20 moderate and <2.0 large (53).  The change in the mean and technical 
errors were classified as substantial (i.e. reached the smallest worthwhile effects) 
when the standardised value reached the threshold for small (≥0.2). 
The technical error of measurement from the comparison of partial and whole 
body scans (errorpartial-whole) was combined with the technical error for whole body 
scanning (errorwhole-whole) from the study of Nana, et al., 2012 to provide an estimate 
of the error associated with repeated measurement of summed partial scans 
(errorpartial-partial), using the following equation: 
 errorpartial-partial = (2 error
2
partial-whole – error
2
whole-whole).   
This equation was derived from first principles on the assumption that partial 
scanning produced additional random error that would combine independently with 
the error from whole-body scanning to produce the error for repeated partial 
scanning. Confidence limits for errorpartial-partial were derived via the standard errors 
  
101 
 
for the variances of the errors, assuming the sampling variances were normally 
distributed. To interpret the magnitude of the technical error associated with summed 
partial scans (partial – partial), we doubled the technical error before assessing it on 
the above-mentioned scale (53, 132). The effect of a linear covariate should be 
considered as the effect of twice its standard deviation. For further clarification, see 
Hopkins, et al., 2009; Smith & Hopkins, 2011. 
 
6.3  RESULTS 
6.3.1 Differences in estimates of whole-body composition between summed 
partial scans (to simulate for tall, broad, and tall and broad subjects) and 
a whole-body scan 
Results of whole body composition estimates for total mass, fat mass, lean 
mass and BMC are summarised in Table 6.2, with comparisons between the estimate 
from the WHOLE SCAN, and various addition of partial scans (as described in 
Figure 6.2). Body composition estimates from summed partial scans of total mass 
and BMC were not substantially different to those of the WHOLE SCAN; i.e. they 
were less than the smallest worthwhile effect. In the case of estimates of fat mass and 
lean mass, estimates derived from summing LEFT SCAN and RIGHT SCAN (to 
simulate broad subjects) were also not substantially different to the results of the 
WHOLE SCAN. However, body composition estimates of fat mass involving the use 
of the HEAD SCAN (i.e., to simulate tall, and tall and broad subjects) were 
substantially different to the results of the WHOLE SCAN. Lean mass estimates 
from summed partial scans to simulate tall and broad subjects could also be 
substantial when taken into account the confidence limits. The addition of partial 
scans with the HEAD SCAN (HEAD SCAN + BODY SCAN simulating tall 
subjects, or HEAD SCAN + Left body of LEFT SCAN + Right body of RIGHT 
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SCAN simulating tall and broad subjects) over-estimated fat mass by approximately 
6-7% (~900-1000 g). Similarly, there was a ~6% (~3000 g)  over-estimation in 
whole body estimates of lean mass between the WHOLE SCAN and the summing of 
HEAD SCAN and BODY SCAN (simulating tall subjects).  
The technical error associated with addition of partial DXA scans (partial – 
partial) ranged from 0.3% to 3.5%, which were mostly substantial (i.e. greater than 
the smallest worthwhile effects) when doubled to interpret the magnitude. An 
exception was for summed mass for HEAD SCAN + BODY SCAN (simulating tall 
subjects). While the lean mass for HEAD SCAN + BODY SCAN (simulating tall 
subjects), when taken into consideration the confidence limits or the uncertainty, 
could be substantial. 
  
 
 
1
0
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Table 6.2. Differences in estimates of whole-body composition between summed partial scans (to simulate for tall, broad, and tall and 
broad subjects) and a whole-body scan 
 
Smallest 
worthwhile 
effect 
 Partial-whole (%)  Typical error (%) 
 (%) (g)  ∆mean ±CL 
Typical 
error
a  
Whole-
whole
b 
Partial-
partial
 ×/÷CL
 
Total mass 1.1 770    0.1   
 HEAD SCAN + BODY SCAN    -0.2 0.1 0.2   0.3 1.29 
 LEFT SCAN + RIGHT SCAN    0.2 0.2 0.5   0.7 1.25 
 HEAD + Left body of LEFT SCAN + Right body of RIGHT SCAN    0.2 0.2 0.4   0.6 1.26 
Fat mass 2.3 340      1.6   
 HEAD SCAN + BODY SCAN    6.8* 1.2 2.6   3.3* 1.32 
 LEFT SCAN + RIGHT SCAN    0.1 1.8 1.9   2.1 1.47 
 HEAD + Left body of LEFT SCAN + Right body of RIGHT SCAN    6.1* 1.3 2.7   3.5* 1.31 
Lean mass 1.4 700      0.5   
 HEAD SCAN + BODY SCAN    5.6* 0.2 0.5   0.5 1.91 
 LEFT SCAN + RIGHT SCAN    0.3 0.3 0.7   0.9 1.38 
 HEAD + Left body of LEFT SCAN + Right body of RIGHT SCAN    -1.2 0.3 0.7   0.9 1.38 
Bone mineral content 1.3 40      0.9   
 HEAD SCAN + BODY SCAN    0.2 0.4 0.9   0.9 1.67 
 LEFT SCAN + RIGHT SCAN    -0.2 0.6 1.4   1.8* 1.32 
 HEAD + Left body of LEFT SCAN + Right body of RIGHT SCAN    0.7 0.4 1.0   1.1 1.50 
Note. ∆mean = mean of summed partial scans minus mean of whole-body scan; CL = 90% confidence limits in ± or ×/÷ form 
a 
90% confidence limits all ×/÷1.25 
b 
Typical error of measurement of whole body composition measurements from Nana et al., 2012 (95); 90% confidence limits range from ×/÷1.24 to ×/÷1.45 
* Greater than the smallest worthwhile effect 
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6.3.2 Differences in estimates of head-only composition from a whole-body scan 
and a head scan 
The difference in body composition estimates of WHOLE SCAN compared 
with addition of partial scans involving the HEAD SCAN is thought to be due to an 
inherited technical error of DXA associated with scanning just the HEAD SCAN. To 
further highlight this technical error, body composition estimates of the head region 
from the WHOLE SCAN were compared with estimates measured by the HEAD 
SCAN (see Figure 6.3A) and the results are presented in Table 6.3. All of the body 
composition estimates (total fat, lean, BMC and total mass) measured by the HEAD 
SCAN were substantially different to the head from WHOLE SCAN. Specifically, 
the HEAD SCAN substantially over-estimated fat mass by ~150% (825 g), while 
substantially over-estimating bone mineral content by 0.9% (5 g). On the other hand, 
lean mass was substantially under-estimated by ~25% (880 g) and total mass by ~2% 
(90 g).  
The technical errors of measurements associated with DXA measurements of 
the head from HEAD SCAN were substantial for all body composition estimates.  
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Figure 6.3. Comparison between scans for estimation of either head derived from 
HEAD SCAN or WHOLE SCAN (A), body derived from WHOLE SCAN or BODY 
SCAN (B), body derived from WHOLE SCAN or the addition of right body from 
RIGHT SCAN with left body from LEFT SCAN (C), and body from BODY SCAN 
or the addition of right body from RIGHT SCAN with left body from LEFT SCAN 
(D) 
 
Table 6.3. Differences in estimates of head-only composition from a whole-body 
scan and a head-scan 
 Smallest 
worthwhile 
effect  
Head from HEAD SCAN – head 
from WHOLE SCAN (%) 
 
(%) (g)  ∆mean ±CL 
Typical 
error
a 
Total mass 0.7 30  -2.2* 0.9 2.2* 
Fat mass 1.5 8  154.5* 15.7 15.1* 
Lean mass 0.8 29  -24.3* 1.5 4.7* 
Bone mineral content 0.9 5  0.9* 3.1 7.3* 
Note. ∆mean = mean of head from HEAD SCAN minus mean of head from WHOLE 
SCAN; ±CL = 90% confidence limits 
a 
90% confidence limits all ×/÷1.25 
* Greater than the smallest worthwhile effect 
 
  
106 
 
6.3.3 Differences in estimates of body-only composition between summed partial 
scans (to simulate tall, broad and tall and broad subjects) and a reference 
scan (a whole-body scan for tall or broad subjects and a body-only scan 
for tall and broad subjects) 
Due to the large and substantial differences in DXA estimates of head from 
WHOLE SCAN and head from HEAD SCAN (Figure 6.3A), further analysis was 
undertaken where the body from WHOLE SCAN was compared with the body from 
BODY SCAN (Figure 6.3B), the body from WHOLE SCAN with the addition of 
right body from RIGHT SCAN and left body from LEFT SCAN (Figure 6.3C), and 
with the body from BODY SCAN with the addition of right body from RIGHT 
SCAN and left body from LEFT SCAN (Figure 6.3D). This was to further reconfirm 
that the technical error of the DXA technology is only limited to the HEAD SCAN 
and not the BODY SCAN. Comparison of body composition estimates of different 
body regions are presented in Table 6.4. In summary, when the head region is 
excluded, the differences in body composition estimates for most measurements 
(mass, fat, lean and bone mineral content) were not substantial. Exceptions were for 
total mass and bone mineral content, where differences between body-only estimates 
from WHOLE SCAN or BODY SCAN and summed partial body-only scans could 
be substantial. Nevertheless, it can be generally concluded that there is some 
technical error with DXA when scanning just the HEAD SCAN.  
The technical error associated with DXA measurements between summed 
partial scans and a reference scan (partial – reference) ranged from 0.3% to 2.0%, 
which were mostly substantial (i.e. greater than the smallest worthwhile effects) 
when doubled to interpret the magnitude. An exception was for summed mass for 
body from WHOLE SCAN vs Body from BODY SCAN, and body from WHOLE 
SCAN vs Right body from RIGHT SCAN + Left body from LEFT SCAN. 
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Table 6.4. Differences in estimates of body-only composition between summed partial scans (to simulate tall, broad and tall and broad subjects) 
and a reference scan (a whole-body scan for tall or broad subjects and a body-only scan for tall and broad subjects) 
 Smallest 
worthwhile effect  Partial-reference (%) 
 (%) (g)  ∆mean ±CL Typical errora 
Total mass 1.1 770     
 Body from WHOLE SCAN vs Body from BODY SCAN    -0.1 0.1 0.3 
 Body from WHOLE SCAN vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.4 0.2 0.4 
 Body from BODY scan vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.8 0.4 0.8 
Fat mass 2.3 340     
 Body from WHOLE SCAN vs Body from BODY SCAN    0.9 0.8 1.8 
 Body from WHOLE SCAN vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.2 0.8 1.9 
 Body from BODY scan vs Right body from RIGHT SCAN + Left body from LEFT SCAN    -0.7 0.7 1.7 
Lean mass 1.4 700     
 Body from WHOLE SCAN vs Body from BODY SCAN    -0.3 0.3 0.7 
 Body from WHOLE SCAN vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.5 0.3 0.7 
 Body from BODY scan vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.8 0.4 0.8 
Bone mineral content 1.3 40     
 Body from WHOLE SCAN vs Body from BODY SCAN    0.2 0.8 1.9* 
 Body from WHOLE SCAN vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.7 0.9 2.0* 
 Body from BODY scan vs Right body from RIGHT SCAN + Left body from LEFT SCAN    0.5 0.4 0.8 
Note. ∆mean = mean of summed partial minus mean of reference scan; ±CL = 90% confidence limits 
a 
90% confidence limits all ×/÷1.25 
*Greater than the smallest worthwhile effect 
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6.4 DISCUSSION AND CONCLUSIONS 
DXA was originally designed to measure specific bone regions (bone mineral 
density of the hip and spine) of the elderly populations. Therefore, the dimensions of 
a typical DXA scanning area have become a common limitation to athletic 
populations where height and wide trunk breadth are the favourable physiques in 
many sports. To our knowledge, this is the first study to systematically examine 
different ways to undertake DXA scans on tall and/or broad individuals. The main 
findings were that strategies can be undertaken with DXA technology to 
accommodate subjects who are wider than the scanning bed. However, estimates of 
whole body composition in tall, or tall and broad subjects include error.  Specifically, 
we found substantial errors that were greater than the statistically-derived smallest 
worthwhile effects in whole body composition estimates when the addition of partial 
scans included the HEAD SCAN, with no additional error observed when simulating 
tall and broad subjects.  
Only two studies have previously investigated alternative scanning techniques 
to accommodate tall subjects (37, 127). Silva and colleagues (127) compared 
standard DXA scans with scans undertaken while subjects were positioned with bent 
knees, thus allowing tall individuals to arrange their body within the active scanning 
area of the DXA. With the knees bent, BMC was overestimated by 30 and 100 g, fat 
mass was overestimated by 1.54 and 2.20 kg, and lean mass was underestimated by 
1.55 and 2.30 kg for males and females, respectively (127). However, this method 
could not be undertaken in our study because we found the elevation of bent knees to 
be greater than the scanner arm (i.e. inadequate height clearance). Therefore, we 
chose alternative methods to simulate scans on tall and/or broad individuals based on 
work from Evans and colleagues (37). This group modelled measurements of body 
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composition in tall subjects by adding the estimates of two partial DXA scans and 
found no significant differences to whole body composition scans. Specifically, the 
study recommended dividing the body at the superior aspect of the shoulders as a 
preferred method over dividing the body at the proximal femurs bisecting the 
femoral necks (37).  
The width of the DXA active scanning area is also limited in size and will 
therefore be problematic for many big and broad athletes, or obese subjects. 
Surprisingly, only two studies have previously investigated this problem, whereby 
summing half body scans was found to accurately estimate whole body composition 
in obese people (119, 145). However, these studies did not examine alternative 
scanning techniques for subjects who are both tall and broad, which is commonly 
found in athletic populations.  
In the present study we found that addition of scans which involve the head 
region caused errors in estimation of whole body composition in the order of ~3 kg 
of lean mass and ~1 kg fat mass. These errors were considered to be substantial when 
compared with a statistically-derived estimate of the smallest worthwhile effect. 
However, these errors may not be clinically important in the general population (e.g. 
1 kg of fat mass is equal to 1.25% for an 80 kg male), or in some situations in which 
DXA might be used to measure body composition in athletes; for example, where a 
general estimate of fat-free mass (FFM) is needed to calculate energy availability 
(80), or where gross profiling of physique is undertaken to differentiate 
characteristics between heterogeneous athletic populations. At this time, the smallest 
worthwhile effect for differences in physique has not been determined from a 
functional or practical viewpoint. However, it is likely to be smaller when dealing 
with changes in physique in a population or individual over time; or due to an 
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intervention; monitoring regional physiques; characterising physique differences in a 
more homogenous population or determining suitability of a weight category for an 
athlete in a weight-classed sport. The size of the smallest worthwhile effect of 
differences in physique on performance outcomes or clinical issues (e.g.  prevalence 
of injuries or illness) is currently unknown, and therefore statistical approach via 
standardisation is the appropriate default approach. 
The error associated with DXA measurement of a HEAD SCAN as a region of 
interest (i.e. scanning the head only), which has not been reported in previous 
studies, may be due to a technical and software limitations associated with the 
algorithm for determining BMC and soft tissue of the skull; specifically, it may 
bypass the assumptions of the whole-body fat distribution model (146). In non-bone-
containing pixels (e.g. arms, legs etc.), soft tissue is simply determined by solving 
the ratio of attenuation of the two photon energies, while in bone-containing pixels, 
the DXA assumes that soft tissue is the same as the neighbouring non-bone-
containing pixel. Therefore, for an isolated HEAD SCAN where the majority of the 
site is BMC, soft tissue estimation would be poor because the HEAD SCAN 
contained negligible non-bone-containing pixels. It is suggested that estimation of 
soft tissues in other high bone-containing areas such as thorax or arms may also be 
inaccurate (4, 69, 120). The technical error associated with undertaking a DXA scan 
of just the head region in our study could potentially be attributed to the technology 
and software of the Lunar Prodigy. Differences between the results of the current 
study and those of Evans (37) and Silva (127) who used Hologic DXA machines 
might be specific to the machine involved. Such differences include different beam 
technology (pencil versus narrow fan-beam), as well as the ability to undertake an 
isolated DXA scan of the head region (e.g. region of interest function or equivalent). 
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Whether this error is only limited to the Lunar Prodigy DXA scanner and not to the 
other scanners is unclear.  A potential alternative technique for Lunar Prodigy DXA 
user might be to dissect the body at the femoral neck, as undertaken by Evans and 
colleagues (37), however, this technique will need to be thoroughly investigated 
before implementation.  
Difficulties in scanning tall and/or broad subjects have several implications, 
especially in research studies. It appears that most studies involving DXA scanning 
of whole body composition of athletes automatically exclude tall and/or broad 
subjects, and thus create sampling bias. This could be important if there are 
fundamental differences in the physiology of individuals with larger physiques; for 
example, there is evidence that taller individuals have proportionally lower resting- 
and total-energy expenditure relative to body mass than their shorter counterparts 
(49, 50).  Therefore it is important that a satisfactory technique be developed to scan 
people of all physique characteristics so that they are adequately represented in all 
aspects of clinical servicing and research.  
Even if the present protocol of summation of partial scans could be used to 
develop a method to scan tall people with acceptable reliability, however, some 
issues could still remain.  First, we have assumed a constant measure of reliability 
across all physiques, or at least the physiques represented in our cohort.  This may 
not be true: rather, there may be bias associated with height or width which would 
require a study of larger sample size, including individuals with extreme physiques, 
to investigate this.  Whether issues related to the validity of DXA estimates of body 
composition apply equally to different physiques is also of interest. It has been 
shown that human bodies are not geometrically similar to each other, invalidating the 
concept of allometric scaling according to body mass  (98).  Therefore it is likely that 
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assumptions made about body composition do not apply equally to those with 
extreme physiques. There is also the potential of increased technical error associated 
with DXA scanning individuals with greater body thickness. This is due to the “beam 
hardening” effect – the preferential loss of lower energy photons relative to high-
energy photons as a result of increasing body thickness (64, 112).  This means that 
body composition results obtained from DXA may be systematically different 
between a thin and obese person (120), and potentially between a lean endurance 
athlete and a rugby player. Prior et al. (112) found DXA to overestimate percent 
body fat as body thickness increased, however, opposite results were observed in 
other studies (58, 150). Manufacturers have claimed to improve their software to 
address the beam hardening effect, in an effort to overcome this issue (4, 64, 71), 
however, accuracy in body composition in various tissue thicknesses as a result of 
these upgrades is still questionable until further studies are conducted.  
In addition, there are certain practical issues that must be accepted in using a 
partial scan technique to work with these athletes. The increased number of DXA 
scans per assessment will lead to increased overall radiation exposure per year 
(particularly in longitudinal monitoring over time), and could be significant for 
athletes who are already exposed to ionising radiation from other diagnostic imaging 
techniques (28, 107). The extent of increased radiation exposure from addition of 
partial DXA scans will depend on the scanning technique (degree of overlapping) 
and the DXA beam configuration (i.e. pencil or fan beam), for example, it is 
speculated that there is a 25-50% dose increase per subject per partial scan from a 
narrow-fan beam DXA machine (e.g. Lunar Prodigy) (D. Leslie, personal 
communication, November 11, 2011). Furthermore, increasing the number of DXA 
scans required for a single assessment will lead to increased scanning time per 
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subject and therefore a reduction in the number of subjects who can be scanned 
within a certain timeframe. This is already limited by the requirement to have 
subjects fasted and rested to meet the criteria for the standardised protocol (95).  
Even if we can accommodate tall subjects by the addition of partial scans 
(HEAD SCAN plus BODY SCAN), this technique will not work for very tall 
subjects (e.g. >2.20 m) who are likely to have a body length (neck to feet) that is 
greater than the active scanning area of the DXA scan. Such very tall subjects might 
need to be scanned three times per assessment to capture whole body composition, 
adding further practical complications and potential for error.  
The substantial errors associated with the HEAD SCAN would suggest that the 
HEAD SCAN should be excluded when scanning a tall subject (i.e. just scanning 
from the neck downward). For an adult athlete, DXA scanning without a head is still 
practical to use in longitudinal tracking of body composition as the body composition 
estimates of the head region are unlikely to change substantially in a mature adult.  
On the other hand, if the head region is excluded, a precise calculation of fat-free 
mass (i.e. to estimate energy availability or determine a minimum weight category) is 
not possible. The remaining possibility would be to offset this estimate of whole 
body composition by adding the physique characteristics of an “average” head.  
Although this can be done, it requires a manual calculation that is separate to the 
information provided by the DXA machine; this further adds to the time cost of 
scanning protocols as well as introducing an opportunity for manual error.   
In this investigation we tackled the practical problem of estimating whole body 
composition in subjects who are taller and/or broader than the scanning area of a 
Lunar Prodigy DXA machine. We found that the estimates of whole body 
composition achieved by summing of partial scans to simulate broad individuals 
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were acceptably reliable. However, summation of partial scans involving a scan of 
just the head region (simulating tall, and tall and broad individuals) caused errors in 
estimation of whole body composition in the order of ~3 kg of lean mass and ~1 kg 
fat mass. These errors are within the range of body composition changes observed 
during a season amongst athletic populations (5, 48).  In addition, it is likely that the 
results from our study represent the minimum technical error associated with 
summation of partial DXA scanning to estimate whole-body composition.  Further 
work is still needed to develop other standardised protocols for using DXA to 
estimate body composition, particularly with tall and very tall athletes. In the 
meantime, elucidation of the smallest worthwhile effect in measuring differences in 
physique traits from a functional viewpoint are needed to determine the importance 
of the errors involved in scanning large/tall people. Only with this information can 
we decide how to interpret the DXA estimates of body composition in larger athletes.  
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Chapter 7: Importance of Best Practice 
Protocol for assessing body 
composition changes in athletes 
7.1 INTRODUCTION 
Previous chapters (Chapters 4 and 5) have demonstrated the importance of a 
strict standardisation protocol involving subject presentation, subject positioning and 
scan analysis on the reliability of estimates of whole body and regional body 
composition. Specifically, we found food and fluid intake (biological variation) 
substantially increased total and regional lean mass estimates (95). In a follow up 
study (96), we found exercise and its related practices of food and fluid intake also 
substantially altered total and regional body composition estimates as well as 
increasing the typical error of measurement of these characteristics by ~10%. 
Accordingly, the most reliable and practical way to minimise these measurement 
errors is to have a meticulous protocol where all subjects are presented in a fasted 
and rested state, positioned by the technician in a standardised manner on the 
scanning bed, as well as having a standardised demarcating protocol.  
The Best Practice DXA Scanning Protocol poses a challenge for practitioners 
and researchers as it limits the period of the day in which DXA can be used to collect 
reliable measurements of body composition (e.g. early morning) and also requires the 
athlete to refrain from food and fluid intake as well as training. Since these 
requirements have strong practical implications both for the utility of DXA and an 
athlete‟s training program, it would seem important to model the effect of 
implementing the protocol in a real-life study. The goal was to see if the change in 
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reliability associated with collecting DXA measurements of body composition before 
and after an intervention using either a standardised or less controlled protocol would 
change interpretation of changes in body composition.  
Accordingly, this study was undertaken to investigate the real-world 
applications of following the meticulous Best Practice Protocol on assessing changes 
in body composition in athletes. The aim was to investigate changes in body 
composition in a protocol likely to alter fat and lean mass estimates in a group of 
well-trained athletes who were undertaking a periodised training program involving 
blocks of overload training (increased volume and intensity) followed by a taper 
period (sustained intensity, reduced volume). It was noted that the available study 
involved a second intervention, with half of the subjects being exposed to cold water 
immersion therapy several times per week to promote enhanced recovery (154-157) 
from intensified training. However, data related to the acute effect of exposure to 
cold water treatment after exercise on appetite were located; in these studies, a single 
application of the treatment was observed to stimulate appetite and increase food 
intake in the immediate recovery period (46, 165). Therefore, there was justification 
for undertaking a secondary examination of the effect of chronic exposure to cold 
water immersion on body composition.  
Accordingly, the hypothesis of this study was that the greater precision 
achieved by using a standardised DXA protocol would affect the interpretation of 
physique changes achieved by two different interventions (training and exposure to 
cold water immersion therapy) than results achieved using a less controlled protocol. 
This would allow a real world cost-benefit analysis of the value of implementing a 
more standardised but less practical protocol of body composition assessment in 
work with athletic populations.  
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7.2 METHODS 
7.2.1 Subjects  
Thirty-four nationally competitive male cyclists were initially recruited for this 
study in the early phase of their domestic season. Twenty-one cyclists completed all 
the training and testing requirements without sickness and/or injury and were 
included in the present study. All subjects signed a consent form approved by the 
Human Ethics Committee of the Australian Institute of Sport (AIS) and RMIT 
Human Research Ethics Committee prior to participating in this study. Subject 
characteristics are presented in Table 7.1, identifying the groups who were pair-
matched and randomised into cold water immersion therapy (COLD) or control 
(CON). The study was conducted at the AIS in Canberra with all subjects having 
equal access to the AIS Dining Hall for buffet-style meals (breakfast, lunch, dinner 
and snacks) and a selection of foods and sports foods to be used as nutritional 
support for training sessions.  
       
Table 7.1. Subject characteristics at baseline 
 COLD 
n=10 
CON 
n=11 
Age (yr) 20.7 ± 1.6 20.2 ± 1.6 
Scale body mass (kg) 70.9 ± 6.5 68.9 ± 8.0 
Height (cm) 179.5 ± 5.6 178.7 ± 6.0 
Maximal aerobic power (W/kg) 5.1 ± 0.2 5.0 ± 0.4 
DXA estimates (kg)   
  Total mass 71.8 ± 6.5 69.7 ± 8.0 
  Lean mass 62.0 ± 4.9 60.4 ± 6.4 
  Fat mass  6.9 ± 4.2 6.3 ± 2.1 
  Bone mineral content 2.99 ± 0.32 3.04 ± 0.45 
Data are expressed as mean ± SD 
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7.2.2 Study overview 
At the start of the study, subjects were divided into cold water immersion 
therapy (COLD) or control group (CON), matched on their maximal aerobic power 
and their belief in whether recovery would help or hinder adaptation to intensive 
training (rated from 0-100). In brief, subjects completed thirty nine days of structured 
training consisting of a mixture of low-moderate intensity road rides and high 
intensity interval sessions completed on laboratory ergometers. The first week 
(baseline block) included familiarisation and baseline ergometer tests while the next 
3 weeks involved increasingly longer road rides (overload training). In the final 
eleven days, overall training duration was reduced extensively to allow the subjects 
to recover (taper). For more details of the larger study see Halson et al. (47), in 
review.  
Subjects received six whole-body DXA scans over the course of the study 
(Figure 7.1) with three separate timepoints: baseline, after 3 weeks of overload 
training and after a 2 week taper. At each of these timepoints cyclists undertook two 
scans on the same day. One scan was undertaken in the morning following a Best 
Practice Protocol in which all aspects of DXA scanning were standardised (see 
below). A second scan was performed at various times in the afternoon after subjects 
had undertaken exercise sessions, and consumed food and fluid over the day; 
therefore, errors from these random activities were introduced into the DXA analysis. 
Due to narrow scanning opportunity in the morning, DXA scans were undertaken 
over 3 days at each timepoint.    
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Figure 7.1. Study design 
 
7.2.3 Recovery intervention 
Throughout the thirty nine days of training, cold water immersion therapy was 
undertaken four times per week by the COLD group. Each supervised session was 
undertaken after a training session and involved 15 minutes of cold water immersion 
at 14°C. These sessions were scheduled into a 4-d recovery block that was completed 
at a consistent time at the end of each week. The control group did not complete any 
recovery protocols apart from stretching (47). 
 
7.2.4 BEST Practice DXA Scanning Protocol (morning scans) 
Subjects were overnight-fasted, bladder voided and had not undertaken any 
exercise on the morning of the scan. They were asked to wear underwear and to 
remove all jewellery and metal objects. All DXA scans were performed and analysed 
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by one trained technician, with a special emphasis on the consistency in the 
positioning of subjects on the scanning bed. Specifically, subjects were centrally 
aligned with their feet and hands placed in custom-made foam blocks to maintain a 
constant distance between the feet (15 cm) and between the palms and trunk (3 cm). 
The custom-made blocks were made of Styrofoam and were transparent under DXA. 
The scans were analysed automatically by the software but regions of interest were 
subsequently confirmed by the technician.  
 
7.2.5 RANDOM activity DXA scans (afternoon scans) 
On the same day as best practice DXA scans were undertaken, athletes were 
rescanned later in the day at a time convenient to the athlete with issues such as 
clothing, positioning on the scanning bed and analysis technique the same as 
morning. These scans were typically performed after athletes had undertaken a 
random set of activities such as ergometer tests, training sessions, food and fluid 
intake, or cold water immersion therapy. A range of 6:08 to 9:36 h elapsed between 
Best Practice DXA scans (morning) and Random activity DXA scans (afternoon). 
 
7.2.6 DXA instrument 
Body composition was measured from a whole-body scan using a narrowed 
fan-beam DXA (Lunar Prodigy, GE Healthcare, Madison, WI) with analysis 
performed using GE Encore 12.30 software (GE, Madison, WI). The DXA was 
calibrated with phantoms as per manufacturer guidelines each day prior to 
measurement. The scanning mode was automatically chosen by the DXA machine, 
with all subjects scanned in the standard mode. The typical errors of measurement, 
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expressed as the coefficient of variation of this machine are 0.1% for total mass, 
0.5% for total lean, ~1.6% for total fat and ~0.8% for total bone mineral content (95). 
 
7.2.7 Statistical analysis 
Measures of body composition changes were derived separately for each tissue 
component (total mass, lean mass and fat mass), each group (COLD or CON), each 
DXA scanning protocol (BEST or RANDOM) and each training period (between 
baseline-overload, between overload-taper and between baseline-taper) with a mixed 
linear models realised with Proc Mixed in the Statistical Analysis System (Version 
9.2, SAS Institute, Cary NC). The measurements were log transformed before 
analysis, then back transformed after analysis to express the effects and errors in 
percent units. The mean and SD of the change scores and confidence limits for 
difference in the mean were derived from separate models for BEST and RANDOM 
scans for Week 1 to Week 4 (baseline-overload), Week 4 to Week 6 (overload-taper) 
and Week 1 to Week 6 (baseline-taper) changes. The dependent variable was the 
change in body composition from baseline; a fixed effect predicted the change in the 
mean in each group, another fixed effect adjusted for differences in the effect of the 
baseline body composition on the changes, and a separate residual representing the 
standard deviation of change scores was estimated for each group. The source of 
extra error in the RANDOM afternoon scans was investigated with BEST and 
RANDOM scans included in the same model; the model included the fixed effects in 
the previous model interacted with a group factor and random effects specified with 
dummy variables to estimate additional error variance in the RANDOM afternoon 
scans.  
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The magnitudes of changes in the mean and of typical errors were interpreted 
after these were standardised by dividing the changes by one-third of the between-
subject standard deviation in the fasting state [∆mean/(1/3 x SD)]. The factor of one-
third was used because the between-subject SD of body measurements in this study 
was approximately 3 times greater than those previously found in a study with 
athletic populations (137). Standardisation was used as the default method of 
assessing effect magnitudes, because there are no published data on the smallest 
worthwhile effects of whole body composition. Base calculations of smallest 
worthwhile effects/changes/differences have been previously described(95). In brief, 
the smallest worthwhile effects/changes/differences refers to the magnitude of 
change or difference in a parameter that can influence an outcome of interest such as 
performance, strength, metabolic function, adherence to a weight category, etc. 
Magnitudes of standardised effects were assessed using the following scale: <0.2 
trivial, <0.60 small,<1.20 moderate, <2.0 large.(53) Changes in the mean were 
classified as substantial when the standardised value reached the threshold for small 
(≥0.2). Inferences about the effect of cold water immersion therapy were clinical: an 
effect was considered unclear if there was >25% chance that the true value was 
beneficial, with odds of benefit relative to odds of harm (odds ratio) <66; otherwise 
the effect was clear. The odds ratio of 66 ensured that >25% chance of benefit and 
<0.5% chance of harm meant a decisively useful effect (53). Although there is no 
information on the smallest worthwhile effects of changes in body composition on 
athletic performance, after a consultation with an experienced sport dietitian and a 
physiologist, who have extensive experience in cycling, it was assumed that a gain in 
lean mass and/or a loss in fat mass would be beneficial to performance. Although 
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changes in total mass are more complicated, it was assumed that a loss in total mass 
is beneficial. 
 
7.3 RESULTS 
Percent changes and the standard deviation (SD) of change scores in body 
composition from DXA scans performed using the Best Practice Protocol (BEST) 
and Random Activity Protocol (RANDOM) of each testing occasion are shown in 
Figure 7.2 (total mass), Figure 7.3 (lean mass) and Figure 7.4 (fat mass). The clinical 
inferences from these results are summarised in Table 7.2. 
 
7.3.1 Errors with Best Practice and Random Activity DXA protocols 
The standard deviation of change scores between baseline and other tests for 
total mass (Figure 7.2) and lean mass (Figure 7.3) from the RANDOM protocol 
scans (2-3%) at Baseline testing were approximately double those observed from 
BEST scans (1-2%). The extra error included in the RANDOM protocol was 0.9% 
(90% confidence limits ±2.7) for total mass and 1.0% (±2.1) for lean mass. These 
errors were of magnitude similar to the typical error of measurement (SD of change 
scores divided by √2) observed for baseline-overload and baseline-taper changes 
with the BEST scans (typical errors of ~1-2% for total mass ~1.0% for lean mass). 
The SD of change scores for fat mass (Figure 7.4) were similar with BEST and 
RANDOM scans, and the estimate for extra error with RANDOM baseline scans 
(2.0%, ±3.7) was negligible in comparison with the typical errors for fat mass 
(typical errors of 8.5% for COLD and 16.7% for CON group).  
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Figure 7.2. Percent changes and the standard deviation of change scores in total 
mass from DXA scans performed using the Best Practice Protocol and Random 
Activity Protocol of each testing occasion. Results are shown separately for the cold 
water immersion therapy group (COLD) and control group (CON) for the following 
comparisons: Overload (baseline-overload), Taper (overload-taper) and Overall 
(baseline-taper). 
 
 
Figure 7.3. Percent changes and the standard deviation of change scores in lean mass 
from DXA scans performed using the Best Practice Protocol and Random Activity 
Protocol of each testing occasion. Results are shown separately for the cold water 
immersion therapy group (COLD) and control group (CON) for the following 
comparisons: Overload (baseline-overload), Taper (overload-taper) and Overall 
(baseline-taper). 
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Figure 7.4. Percent changes and the standard deviation of change scores in fat mass 
from DXA scans performed using the Best Practice Protocol and Random Activity 
Protocol of each testing occasion. Results are shown separately for the cold water 
immersion therapy group (COLD) and control group (CON) for the following 
comparisons: Overload (baseline-overload), Taper (overload-taper) and Overall 
(baseline-taper). 
 
7.3.2 Mean changes in body composition 
According to the Best Practice DXA protocols, changes in lean mass in both 
groups (Figure 7.3) between baseline-taper, and fat mass (Figure 7.4) between 
baseline-overload and between baseline-taper were small to moderate, but substantial 
in effect size. Changes in total mass (Figure 7.2) due to overload training (baseline-
overload) for both groups were trivial. However, there was a positive substantial 
change (0.8%, ~570 g) in total mass overall (baseline-taper) for the COLD group in 
comparison to trivial changes in the CON group. Changes in total mass (from DXA 
estimates) also corresponded well with changes in scale body mass. For example, 
there was an increase of 0.4% in body mass for the COLD group compared to -0.1% 
in the CON group due to overload training. While over the entire training period, the 
COLD group gained 0.7% in body mass and 0.6% in the CON group. Both groups 
had substantial gains (1.2-1.5%, equivalent to ~740-900 g) in lean mass following 
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overload training. However, the CON group gained ~0.7% more lean mass over the 
whole training period (baseline-taper). Taper alone (overload-taper) caused a clear 
gain in total mass for the CON group (1.0 ± 2.3 %) but a trivial effect (0.3 ± 1.2 %) 
for the COLD group. There was a trivial change in lean mass during taper in the 
COLD group (-0.5 ± 1.3 %) and an unclear change in the CON group (0.2 ± 1.7 %). 
Both groups lost small to moderate amounts of fat mass (~3-12%) following 
overload training (baseline-overload), however, the CON group lost ~9% more fat 
mass. The overall gains in fat mass (baseline-taper) for the COLD group (~4%, 
equivalent to 300 g fat) were small but substantial in effect size in comparison to 
trivial changes observed in the CON group. Taper was associated with an increase in 
fat mass for COLD (9.5 ± 8.7 %) and CON (9.7 ± 13.3 %), which represented small 
effect sizes in both cases. 
 
7.3.3 Differences in body composition changes between scanning protocols 
Table 7.2 shows the clinical inferences from the results of changes in body 
composition due to training in both groups, with a comparison of the outcomes from 
the Best Practice Protocol scans (BEST) and the Random Activity scans 
(RANDOM). The variation in scanning protocols produced different interpretations 
in the case of lean mass changes, both for the overload training period (overload-
baseline), and the overall training program (baseline-taper). In particular, the effect 
of cold water immersion therapy on lean mass for the overall training period was 
clear, with possibly harmful changes with BEST scans. However, changes in lean 
mass with RANDOM scans were unclear due to extra errors and wider confidence 
limits associated with RANDOM scans. The outcome of the change in total mass for 
the overall training program also differed between scan protocols from unclear 
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(RANDOM) to possibly trivial (BEST). The different scanning protocols detected 
similar possibly harmful effects of cold water immersion therapy on changes in fat 
mass.  
  
 
 
1
2
8 
Table 7.2. Clinical inferences on the effect of cold water immersion therapy on training-induced changes in body composition 
estimated with DXA undertaken with Best Practice Protocol (BEST) or Random Activity Protocol (RANDOM). 
     
BEST (%) 
 
RANDOM (%) 
   
SWE 
 
COLD–CON CL Interpretation 
 
COLD–CON CL Interpretation 
Baseline-overload Total mass 
 
0.7 
 
0.2 1.3 Unclear 
 
1.0 2.0 Unclear 
 
Lean mass 
 
0.7 
 
-0.3 0.9 Possibly trivial 
 
0.9 1.8 Unclear 
 Fat mass  -3.2  9.3 9.6 Likely harmful  5.5 10.4 Possibly harmful 
Overload-taper Total mass 
 
0.7 
 
-0.7 1.5 Possibly harmful 
 
-0.3 1.0 Possibly trivial 
 
Lean mass 
 
0.7 
 
-0.7 1.2 Possibly harmful 
 
-0.3 0.8 Likely trivial 
 Fat mass  -3.2  -0.2 9.0 Unclear  1.6 7.9 Possibly trivial 
Baseline-taper Total mass 
 
0.7 
 
-0.3 2.0 Possibly trivial 
 
0.8 2.4 Unclear 
 
Lean mass 
 
0.7 
 
-0.7 1.2 Possibly harmful 
 
0.9 2.0 Unclear 
 Fat mass  -3.2  6.9 13.5 Possibly harmful  5.5 14.3 Possibly harmful 
SWE, smallest worthwhile effect; COLD–CON, effect of cold water immersion therapy; CL, 90% confidence limits; BEST, Best Practice Protocol; 
RANDOM, Random Activity Protocol 
  
129 
 
7.4 DISCUSSION AND CONCLUSIONS 
To our knowledge, this is the first study to investigate real-life implication of 
following Best Practice DXA Protocol on assessing changes in body composition. 
Specifically, training- and cold water immersion therapy-induced changes in body 
composition were assessed by DXA measurements undertaken with the standardised 
Best Practice Protocol as well as a less standardised protocol in which scans were 
undertaken in the afternoon after random activities had taken place.  In summary, the 
standard deviations of change scores for total and lean mass from the afternoon 
Random activity scans (2-3%) were approximately double those observed with the 
Best Practice Protocol in the morning (1-2%), due to the extra biological errors 
associated with Random activity scans at baseline. There was little difference in 
change scores for fat mass. However, the different protocols used to measure 
changes in body composition yielded different outcomes, due to the different 
interpretations associated with precision of measurements. In particular, the effect of 
cold water immersion therapy on overall (baseline-taper) changes in lean mass was 
possibly harmful according to the results of the Best Practice Protocol scans but 
unclear with the Random activity scans. The different scanning protocols produced 
similar values of possibly harmful effects of cold water therapy on changes in fat 
mass. In terms of body composition changes, generally both cold water immersion 
therapy and control groups substantially gained lean mass following intensified 
training (baseline-overload), however, the control group substantially gained more 
lean mass overall (baseline-taper). For fat mass, both groups substantially lost fat 
mass following intensified training (baseline-overload), however, the control group 
substantially lost more fat mass. Subsequently, the cold water immersion therapy 
group substantially gained fat mass overall (baseline-taper).  
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The primary aim of this study was to understand the real-world importance of 
undertaking body composition assessment with standardised DXA protocol to assess 
physique changes in athletes. Previous publications involving DXA measurements of 
body composition in active or athletic populations were reviewed to ascertain the 
reporting of scanning protocols and found that few authors reported their 
measurement protocols or identified that a strict standardisation of scanning 
protocols was followed (95). Through close examination of the entire process of 
whole-body DXA scanning and examination of the errors introduced by various 
aspects of subject presentation, positioning on the scanning bed and technique 
procedures, a protocol that was considered to represent Best Practice in minimising 
any potential biological and technical noises associated with DXA body composition 
measurements was developed (95). However, this additional level of precision is 
achieved at both practical and financial cost: the duration of a scanning procedure is 
slightly lengthened and requires some custom built equipment to aid subject 
positioning. More importantly, the use of the DXA is realistically limited to a small 
window of opportunity in the morning, before subjects have consumed food or fluid, 
or undertaken training. This has implications for the expense of the DXA machine, if 
it is limited to uses of whole body scans, as well as the logistics of being able to scan 
a large group of athletes. Therefore, it was important to investigate whether the 
additional precision achieved by the Best Practice Protocol was valuable in detecting 
possible changes in body composition as a result of two different interventions. This 
study, in fact, demonstrated such benefits; providing additional clinical insights 
about the possible harmful effects of cold water immersion therapy on lean mass that 
were gained when DXA scans were undertaken with the meticulous standardised 
protocol. The findings were not surprising and reflected findings from our previous 
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work where single and aggregated activities such as food and fluid intake or exercise 
had been shown to affect DXA estimates and the precision of measurement (95, 96). 
Specifically, these activities have been shown to change total and lean mass 
estimates, in contrast to fat mass which was not affected (54, 95, 96, 148). However, 
this study has now demonstrated that the outcome of not controlling for this 
variability includes a loss in ability to detect an effect of an intervention that might 
have relevance for sports performance. Furthermore, an increase in the standard 
deviations of change scores associated with random activity afternoon scans also has 
implication on required sample size needed for future research. Specifically, four 
times as many subjects would be needed for the same level of precision associated 
with morning scans. Consequently, it would seem sensible to minimise the errors and 
costs associated with increased number of subjects by undertaking the scans with the 
standardised Best Practice Protocol to ensure that any biological (e.g. changes in 
hydration status of tissues from exercise or from recent food and fluid intake or 
intake over the  day) or technical (e.g. inherent error generated by the machine or 
lack of standardisation in subject positioning on the scanning bed) “noises” are 
minimised.  
An unexpected finding of this study was that chronic exposure to cold water 
immersion therapy was associated with an undesirable effect on training-induced 
changes body composition changes was observed in this study in the form of 
attenuations in the increase in lean mass and loss of fat mass otherwise achieved by 
an intensified training program. There are some existing data to provide a plausible 
mechanism for these observations. Current literature suggests an interaction between 
exercise-induced changes in body temperature and energy intake. A recent study by 
Halse et al. (46) found higher energy intake from ad libitum buffet-style breakfast in 
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a group of active men who were exposed to 20 min of 15ºC water immersion 
following 40 min of treadmill running when compared to the control group who had 
no immersion. The authors hypothesised that the increase in appetite maybe linked to 
the observed reduction in leptin levels (46). In addition, others have observed an 
increase of ~40% in energy intake when subjects exercised for 45 min on a 
submersed cycle ergometer in 20ºC water temperature in comparison to exercise 
undertaken with neutral conditions (165). It was suggested that the reheating of skin 
temperature after immersion in cold water might involve the release of hormonal 
factors that stimulate appetite (165). It is important to note that all of these studies 
have only examined the acute effect of water immersion on energy intake, and the 
chronic effect of cold water immersion therapy as part of everyday recovery 
intervention has not been thoroughly investigated. The results from our study suggest 
further study is warranted.   
It is also important to acknowledge some limitations of this study. This study 
was undertaken in conjunction to a larger controlled trial investigating the impact of 
a recovery treatment in elite athletes (see Halson et al., in review), therefore, the final 
number of athletes that fit the criteria at the end of the study period were reduced. It 
was not known a priori if the sample size for the question relating to the errors 
associated with the measurement body composition estimates using the Best Practice 
or Random Activity DXA scanning protocols would be adequate. With this sample 
size, the RANDOM protocol was associated with extra error, however, the 
uncertainty in the estimates for total mass and lean mass were too great for the 
differences in the interpretation of results to be clear (e.g. 0.9%; 90% confidence 
limits ±2.7 for total mass and 1.0%; ±2.1 for lean mass). On the other hand, a clear 
interpretation of the results was observed fat mass estimates. Although it was 
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unknown whether the same differences in estimates and errors in body composition 
assessment would occur with other types of DXA machines or with other changes to 
standardisation techniques, the principle of undertaking a cost-benefit analyses of the 
additional precision achieved with greater standardisation holds true. 
This study demonstrated that the benefits of using a Best Practice Protocol to 
undertake DXA body composition assessment of athletes justify the additional 
practical costs associated with such standardisation of scanning techniques. Using 
carefully standardised procedures throughout the protocol, including having subjects 
fasted and rested, provides the precision needed to detect small but potentially 
meaningful changes in body composition. This may assist future research to 
determine functionally-based estimates of the smallest worthwhile change in body fat 
or lean mass that are of interest to athletes.  In the meanwhile, a novel finding of this 
study was that recovery therapies using cold water immersion appear to attenuate 
some of the desirable physique changes achieved by intensive training. Until this 
finding can be further investigated, practitioners who prescribe this therapy to weight 
conscious should be mindful of potential alterations in energy intake following each 
exposure.  
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Chapter 8: General discussion and future 
directions 
8.1 INTRODUCTION 
Since physique is one of the factors known to influence sports performance, 
there are many situations in which there is interest in the assessment of an athlete‟s 
physique. Although dual-energy X-ray absorptiometry (DXA) was developed to 
measure bone mineral content in clinical settings, its ability to rapidly provide 
detailed body composition estimates has been brought to the attention of sports 
scientists and sports nutrition practitioners. As DXA machines become more 
accessible through radiology clinics and sports institutes, we speculated that DXA 
will soon become a common technique to assess the body composition of athletes. 
The initial goal of this thesis was to investigate the effect of physique on athletic 
performance, using DXA techniques to monitor body composition of highly trained 
athletes. However, an examination of the literature revealed gaps in knowledge 
surrounding the reliability of measurements of body composition by DXA, 
particularly in the athletic population. There was also a lack of detailed information 
on scanning techniques used to undertake whole-body composition scans, limiting 
the ability to interpret results of published data. Therefore, before we could be 
confident of the value of DXA as a useful physique assessment tool in the sports 
setting, we needed to establish its specific reliability in measuring body composition, 
and best practice measurement techniques which optimise reliability of 
measurement, facilitating the ability to identify small, but potentially important 
changes in physique traits of athletes. 
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8.2 SETTING UP STANDARDISED TECHNIQUES FOR DXA 
ASSESSMENTS OF BODY COMPOSITION  
Our initial attempt to set up a standardised technique for undertaking body 
composition assessments using whole body DXA scans in athletes was hampered by 
the lack of details of such processes in the available literature. Indeed, most studies 
in which researchers have used DXA to assess body composition in athletic or active 
populations have failed to report their protocols for standardising subject 
presentation, their scanning techniques, or the reliability of their measurements 
(Chapter 3). The reasons behind the lack of this information are not known, although, 
we might presume that researchers have considered such standardisation to be 
unimportant to either implement or to report. A practical outcome of the lack of data 
on the precision of DXA estimates of body composition, however, is a failure to 
appreciate the magnitude in differences or changes in body composition that might 
be successfully detected. This made it difficult to pursue the initial aim of this thesis 
to monitor the effect of physique on athletic performance.  
The restated goal of this work, therefore, was to develop a best practice 
protocol of DXA body composition assessment for use in a real-life athlete setting, 
with a known reliability which was optimised in terms of the balance between the 
effort required to achieve it and the benefits of its precision. The identification of 
potential sources of error associated with the entire process of whole-body DXA 
scanning were considered through first principles. Two types of variations (technical 
and biological) were identified during the 3 stages of DXA scanning: 1) pre-scanning 
(subject presentation), 2) scanning, and 3) post-scanning (analysis). The insights 
gained during in-house pilot testing guided the development of the Best Practice 
DXA scanning Protocol, which was based on implementing procedures likely to 
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minimise the biological and technical variations in the process of undertaking a 
whole-body DXA scan. A unique aspect of this standardised scanning protocol was 
the development of foot and hand positioning aids that were specifically designed to 
standardise the positioning of the subject on the scanning bed and to maximise the 
consistency of scans within- and between-subjects. A range of materials were tested 
for their transparency under the DXA scanner as well as their suitability in terms of 
hygiene, durability, comfort and cost.  
Our first models of positioning aids were made of rigid Styrofoam which is 
transparent under the scanner. Feedback received from some subjects identified a 
mild knee pain, possibly due to a small gap between under the knees and the 
scanning bed; this was easily alleviated by placing some towels under the knees. We 
further recognised that the positioning aids were also helpful for the demarcation 
process.  For example, the hand aid positions constant gaps between the palms of the 
hand and the trunk, and therefore generates a clear delineation for the technician 
between the hands and thighs during the analysis stage (e.g. fingers are not tucked 
under the thighs). Similarly, the foot aid ensures consistency of feet positioning as 
well as ensuring that the mid-line of the subject‟s body from menton (top of the 
head), through the spine and down the groin region is centrally aligned and again 
clearly visible for the technician during the demarcation process. It is envisaged that 
these positioning aids could be further refined to maximise comfort level and subject 
positioning. Depending on the target population, specific aids could be developed for 
special subject populations such as athletes with disability (e.g. those with missing 
limbs or specific rigidity) or the general population that includes overweight/obese 
subjects. Although we did not systematically study the extent to which the 
positioning aids developed for the present body of work enhanced the reliability of 
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DXA measurements of body composition, pilot testing revealed that they aided 
subject comfort in maintaining the desired scanning position and improved the 
apparent reproducibility of results. However, to properly justify their use with DXA 
body composition assessments, further systematic investigation is warranted. 
 
8.3 EFFECTS OF DAILY ACTIVITIES AND CONSUMPTION OF 
BREAKFAST 
Once our Best Practice DXA Protocol had been established for assessment of 
whole body and regional body composition, we examined it in light of the practical 
implications of its implementation. Immediately, we recognised a problem in 
requiring subjects to present in an overnight fasted condition; this limited scanning 
opportunities to a relatively short period in the morning. Apart from the resource 
issues of limiting the utility of an expensive piece of equipment to a small window of 
opportunity, this requirement was also likely to have other negative consequences for 
both subjects and the DXA technician. Both parties were likely to need to commit to 
early morning assessments, and limits would have to be placed on the number of 
scans that could be reasonably achieved in a single session. This could make it 
difficult to undertake research or athlete servicing activities whereby large numbers 
of individuals needed to be scanned within a similar timeframe. To overcome this 
impracticality, we wondered if there was uniformity in the error associated with 
consuming food and fluids in the hours prior to a DXA scan such that a simple 
correction factor could be applied to post-prandial assessments to account for the size 
and/or timing of meals consumed in the period before a scan. Alternatively, we 
considered whether we could identify the maximum meal size that could be 
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consumed in the hours immediately before a DXA scan without having substantial 
effect on DXA estimates or typical error of measurement.  
Accordingly, the specific aims of the first study were to ascertain the random 
biological variability during the period of a day and the specific variability 
introduced by the consumption of food and fluid before an assessment (Chapter 4). 
To our knowledge, this is the first study to attempt to model the size of the meal by 
randomly assigning subjects to various meal sizes (200- to 2000-mL meals). These 
meal sizes were chosen to reflect the range in the volume of foods and drinks that we 
observe to be consumed by athletes for breakfast. The results demonstrated that DXA 
was able to detect changes in total mass and lean mass that corresponded to the 
amount/weight of the meal consumed. However, the statistical model of different 
meal sizes and variation in the time between breakfast and the repeat scan (e.g. 15-60 
min) was unable to “adjust” for changes in DXA estimates of regional body 
composition. The inability to detect a uniform or adjustable error in these estimates 
suggests a complicated interaction between food/fluid consumption and DXA 
assessments of body composition, based on a variety of factors, such as the size, 
timing and composition of a meal, individual variability in rate of digestion and 
absorption of food and fluid, and the potential effect of gastrointestinal gas after food 
consumption. We found that the consequence of allowing athletes to consume food 
or fluid prior to a DXA assessment of body composition would be to lose precision 
in the estimates of lean mass and regional body composition: attributes that are likely 
to be of importance to athletic performance. We concluded, therefore, that until or 
unless it could be confirmed that it was not important to maintain such precision of 
measurement, body composition assessment by DXA should be undertaken with the 
standardised scanning protocol consisting of over-night fasted athletes.  
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The first study also investigated day-to-day biological variability (i.e. changes 
from morning to morning) associated with DXA estimates. This information is 
important in delineating the minimum error that could be expected from a single 
scan, and therefore our ability in future research to interpret if there has been a real 
change in physique traits of an athlete during longitudinal monitoring, or correlate 
various physique factors with another characteristic of interest. In the absence of 
current knowledge of the “smallest worthwhile” change or difference in physique 
characteristics on any functional outcome of interest for an athlete (i.e. performance, 
illness, injury etc.), we needed to use a common statistical method to set our values 
for smallest worthwhile effect. We found that our Best Practice Protocol was 
associated with trivial values for the day-to-day changes in DXA estimates and many 
of the typical errors of measurement (Chapter 4). These findings were not surprising 
as real changes in body composition of athletes during a 24 hr period are likely to be 
infinitely small and beyond the resolution of any physique assessment tool.  In fact, 
the major source of day-to-day biological variability in body composition is likely to 
be in lean mass, as an artefact of daily fluctuations in hydration status. Therefore, our 
Best Practice Protocol instructions to subjects recommend that they follow strategies 
for managing good hydration status on the evening before a DXA test, and provide 
an “on waking” urine sample for determination of Urine Specific Gravity (USG) as 
confirmation of euhydration following the previous day‟s activities. USG can also 
guide the certainty and interpretation in lean mass changes. For example, changes in 
lean mass should be interpreted with caution if USG results between assessments are 
drastically different (e.g. 1.015 vs. 1.030). We did not systematically study the effect 
of hydration status per se on the precision of DXA estimates of body composition; 
this is a study that has merit for future research.  
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On reflection, the results of the biological variation found in this study may not 
in fact represent the extremes in biological variability that may occur in athletes who, 
even though they may be “stable” in body composition over medium term periods of 
days-weeks, may actually have daily fluctuations in their body stores of fat, muscle 
protein and muscle glycogen, however, the changes will be markedly smaller than 
the resolution of DXA, even using best practice protocols. Future studies could also 
further investigate day-to-day biological variability by undertaking further morning 
measurements of body composition over longer periods and under conditions in 
which there are greater extremes of energy expenditure and intake, or opportunities 
to measure the effect of menstrual status, acute and chronic changes in hydration 
status, gastrointestinal content (e.g. effects of high fibre and low residue diets) and 
gas, the amount of fluid associated with glycogen stores, and the use of supplements 
that affect intramuscular solutes (e.g. creatine, ß-alanine). In conclusion, there are a 
number of factors that can influence day-to-day biological variability. In real life, it 
is difficult to standardise all of the above-mentioned factors, however, the minimum 
requirement is that athletes should present in an over-night fasted state and well-
hydrated. 
 
8.4 EFFECTS OF AN EXERCISE SESSION 
An additional complication in undertaking DXA scans in athletic populations 
with the Best Practice protocol lies in the requirement to have subjects refrain from 
undertaking exercise immediately prior to scans. This not only further limits the 
availability of DXA, but it may also interfere with the athlete‟s training schedule. 
Accordingly, the next study (Chapter 5) investigated the effect of two different types 
of exercise (cycling and resistance training sessions) on DXA estimates of body 
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composition. A purist approach to such an investigation might have isolated the 
effects of the exercise per se, attempting to identify if changes in body fluid, either 
from sweat losses or from shifts in body water between fluid compartments would 
affect DXA estimates. However, we recognised that in real life, an athlete‟s exercise 
session involves a number of inter-related activities including muscle contraction and 
vascular changes, loss of fluids from respiratory water loss and sweat, and intake of 
food and fluid. Therefore, we studied the effects of the combination of these 
activities under free-living conditions, allowing subjects to consume ad libitum 
amounts of food and fluid before and during the exercise session according to their 
usual practices. The exercise protocols also ranged in duration and intensity, since as 
in our previous study, our investigations included the calculation of “adjustment” 
factors or minimum amounts of exercise that might be allowable within our Best 
Practice Protocol. 
In summary, a cycling or strength-trained exercise session produced detectable 
changes in estimates of body composition.  The small net changes in total mass and 
lean mass estimates were likely to reflect the ability of subjects to match fluid intake 
(increase DXA estimates of fat-free mass) with sweat loss (decrease DXA estimates 
of fat-free mass) during exercise sessions. Although most of the changes in estimates 
of total mass and lean mass were trivial, changes in regional estimates following an 
exercise session were worth noting. Specifically, the reduction in trunk estimates in 
conjunction with a gain in leg and arm mass observed in male cyclists are thought to 
be due, at least partially, to the effect of recompartmentalisation of body fluids. This 
physiological change is common among cyclists and refers to the shunting of blood 
volume from the trunk to the periphery (92, 121). Changes in regional body 
composition estimates were also observed in strength-trained subjects where there 
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was a substantial increase in total arm mass and arm lean mass estimates. These 
changes could reflect shifts in blood volume to the upper body as a result of the type 
of exercise (e.g. upper body exercise) undertaken by the subjects in conjunction with 
the absorption and distribution of food and fluid intake. Furthermore, Going et al. 
(44) speculated that shifts in fluid compartments may in fact affect attenuation ratios. 
It is also worth noting that our study was undertaken in temperate conditions 
(Autumn in Australia) and greater perturbations in DXA estimates of total and 
regional body composition might occur if exercise sessions were longer in duration 
and/or intensity, or on the other hand, if the session was shorter or less intense. Such 
conditions might be associated with a greater mismatch between sweat loss and 
intake of fluids and foods, leading to greater net change in mass.  
Similar to the first study (Chapter 4), we were tempted to see if we could apply 
an “adjustment” factor to body composition estimates undertaken following an 
exercise session. In fact, we found a reduction in the precision of assessment, as 
demonstrated by an increase of ~10% in the typical error of measurement post 
exercise. Although our statistical model, using exercise duration as a covariate, was 
able to predict the change in estimates, it failed to substantially decrease the typical 
error of measurement. Consequently, we concluded that our crude statistical model 
did not offer any added advantage and should not be used.  Our findings that exercise 
caused a change in regional body composition estimates are particularly important. 
Such information is of significant interest in sport and a unique feature of DXA 
technology that alternative techniques cannot offer. The findings from this study 
clearly demonstrate that better precision of body composition estimates via DXA are 
achieved by following a standardised Best Practice Protocol in which measurements 
are made before any exercise is undertaken in the day.  
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8.5 TECHNIQUES TO ACCOMMODATE TALL AND/OR BROAD 
SUBJECTS 
DXA is mainly used in a hospital setting to measure bone mineral density for 
the diagnosis of low bone mass and osteoporosis. The physical characteristics of a 
DXA machine are, therefore, designed to reflect both its primary purpose (to 
measure specific bone sites) and the targeted population (the elderly). For these 
reasons, typical dimensions of the scanning bed are approximately 60-66 cm wide by 
190-198 cm long. This is clearly problematic when DXA is used for a whole body 
scan of individuals who are taller and/or broader than the scanning area. The inability 
of DXA to accommodate such physiques does not only limit its use as a readily 
available body composition assessment tool, but also presents a source of sampling 
bias and research design flaw because subjects with such physiques would be 
automatically excluded from research studies in which DXA is used to assess 
physique.  
Previous studies have examined scanning techniques to accommodate tall (37, 
123) or broad subjects (119), however, none has previously investigated techniques 
to accommodate both tall and broad subjects – a physique highly favourable in many 
sports such as rowing or rugby codes. Furthermore, these sports are also interested in 
the use of DXA and its ability to provide detailed body composition information, 
particularly of estimates of regional lean mass. The limited size of the scanning bed 
is a major factor that hinders the capacity of DXA to be fully utilised in the sports 
setting. Accordingly, we investigated the practical problem of undertaking DXA 
measures of whole body composition in tall and/or broad subjects using Lunar 
Prodigy DXA machine (Chapter 6). To our knowledge, we are the first to investigate 
techniques to estimate whole body composition to accommodate subjects who are 
both tall and broad. A range of techniques were pilot-tested and a few commonly 
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offered were excluded. For example, the “bent knees” technique was deemed 
unsuitable due to inadequate height clearance of the scanning arm of the Lunar 
Prodigy. We also excluded a technique commonly used in the overweight/obese 
populations which involves scanning one side of the body (e.g. Right Total) and 
doubling this to estimate total body composition. Although this technique is quick 
and practical for athletes, it squanders the ability to detect differences in left and right 
body composition in athletes. Finally, we ignore techniques of “mummy wrapping” 
since scans undertaken with this technique also lose regional body composition 
information. An important finding from this study (97) was that there are substantial 
errors associated with the summation of partial scans to simulate tall subjects, due to 
errors associated with a measurement of an isolated “head” scan (i.e. DXA estimates 
from menton to chin). It is unclear if this error is limited to Lunar Prodigy scanners 
because it has not been reported in other studies using Hologic scanners which scan 
“up & down” versus “across” in the Lunar Prodigy (37, 123). Discussion of the 
results of this study with other experienced DXA technicians, may mean that the best 
technique for measuring tall subjects with the Lunar Prodigy is to undertake a single 
scan with as much head region included as possible. Specifically, the technician 
should initiate a scan with one sweep to create an empty gap and pause, then 
reposition the subject on the scanning bed ensuring that their feet are within the 
scanning area before resuming the scan with the inclusion of the head region as much 
as possible. This scanning technique, although causing part of the head to be 
occluded, ensures that the whole-body composition attenuation algorithm is 
maximised (head region is required to calculate body composition estimates of the 
whole body) (146). 
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One of the limitations of our study was that we did not investigate techniques 
to accommodate very tall subjects (e.g. subjects who are >2.20 m tall or have body 
lengths >190 cm). Such statures, although rare, do sometimes occur in sports such as 
volleyball or basketball, and a reliable and practical technique to overcome this issue 
is needed. One of the potential techniques to accommodate very tall subjects is the 
summation of partial scans dissecting at the femoral necks, a similar technique 
employed by Evans et al. (37), or at the superior aspect of iliac crest. However, it is 
not known if similar measurement error (error associated with isolated “head” scans) 
would also occur with isolated upper or lower body partial scans. This technique may 
also incur greater technical error as the technician is required to manually demarcate 
partial scans and regional sites. Furthermore, depending on the technique employed, 
partial scanning of very tall subjects will consequently expose subjects to higher 
radiation. This needs to be taken into consideration in situations involving 
longitudinal monitoring of body composition, especially if athletes are likely to be 
exposed to other sources of radiation such as medical procedures and frequent 
aeroplane travelling. Other practical implications that need to be considered 
including the longer scanning time required per subject, as well as the greater time 
needed for manual demarcation during the analysis stage and manual calculations of 
body composition estimates from partial scans. All of these factors would influence 
the logistical considerations of undertaking body composition assessment of a squad 
of athletes with “challenging” physiques, particularly when overlaid on the Best 
Practice Protocol which already limits the availability of scans to the early morning 
to accommodate fasting and resting presentation. In addition to the greater time 
commitment per subject, the need for a highly experienced technician to maximise 
operation and time efficiency, as well as enhance scan consistency could create 
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additional burdens to a body composition assessment protocol. When such burden 
outweighs the benefits, an alternate physique assessment tool might be the more 
practical and cost-efficient approach in assessing body composition in athletes in this 
situation.  
Due to limitations place by the ethics committee which approved the current 
body of work on the number of scans that could be performed on any one subject, we 
were unable to investigate the technical error of measurement (calculated from 
immediate repositioning of subjects) and day-to-day biological variability associated 
with protocols that involve summing of a series of partial scans. As an alternative, 
we used a statistical approach to estimate the technical error associated with the 
technique needed to accommodate measurements of tall and/or broad subjects. This 
technical error could be further explored by undertaking systematic study.   
 
8.6 IMPLICATIONS OF THE BEST PRACTICE PROTOCOL 
This body of work developed a Best Practice Protocol for body composition 
assessment by DXA which enhanced measurement precision by minimising the 
technical and biological variations associated with this technique. This protocol 
involves meticulous standardisation of assessment techniques in every stage. 
Specifically, subjects must present in a fasted and rested state, wearing minimal 
clothing. An experienced and sole technician then centrally aligns the subject on the 
scanning bed in a standardised manner with the use of positioning aids which 
enhance the consistency in subject positioning and assisting the demarcation process. 
During the analysis stage, scans are automatically analysed by the software, with 
regional body composition sites (arms, legs and trunk) subsequently confirmed and 
demarcated by the same technician (for details, see 3.3.2). 
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Although this protocol ensures maximum precision, it poses some practical 
costs and burden on both the athletes and the technician. In particular, having 
subjects present fasted limits the opportunity to undertake DXA scans to early 
mornings only. This “window” of opportunity is even narrower because many 
athletes commonly undertake training sessions in the morning, further limiting the 
opportunity for a body composition assessment. To avoid interference with training 
sessions in the morning, athletes could get up earlier and be scanned before training. 
However, it is not known if sleep quality or the subsequent training session are 
affected as a result. A burden is also presented to the technician carrying out the 
scans, who has to get up even earlier to calibrate the DXA machine. Other than the 
above-mention practical costs, there are also potential financial costs associated with 
the Best Practice Protocol. For example, since the availability of DXA is limited to 
early mornings, there is the “opportunity cost” of the scanner when it is not in used 
for body composition assessment during the rest of the day. Moreover, there may be 
additional direct costs associated with “overtime” payments for the DXA technician 
and overnight accommodation required for non-local athletes so that they are 
overnight-fasted and rested for body composition assessment the following day. 
Since a goal of this body of work was to develop a real-world and pragmatic use of 
DXA technology, we thought it was important to test out whether the level of 
precision achieved by the Best Practice Protocol is beneficial and justified over its 
financial and practical costs.  
Accordingly, the final study was undertaken to investigate the implications of 
following the meticulous Best Practice Protocol on the assessment of changes in 
body composition in an athletic setting (Chapter 7). The initial focus of interest was 
the changes in body composition of trained cyclists following 3 weeks of intensified 
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training and a 2 week taper as assessed by DXA using two different scanning 
protocols – the Best Practice and a less controlled but more accessible or practical 
protocol. In addition to the training intervention, however, half of the group of 
cyclists was also randomised to receive an additional intervention consisting of cold 
water immersion therapy following an exercise session as part of a recovery strategy. 
It was this aspect of the study in which we achieved some surprising and novel 
findings. Specifically, we are the first group to demonstrate a possible detrimental 
effect of chronic exposure to cold water immersion on training-induced changes in 
body composition. Furthermore, in examining our findings, we were able to develop 
a hypothetical basis to explain a potential direct effect of cold water immersion 
therapy on body composition, or an interaction with the adaptive response to 
training. The importance and benefits of undertaking DXA scans with a meticulous 
scanning protocol were serendipitously demonstrated by our study, because these 
novel findings were missed with a less controlled scanning protocol. In fact, when 
the presentation of the subjects was not controlled, the clarity and precision of DXA 
measurements was inferior to that observed with the Best Practice Protocol, and a 
different interpretation resulted. This study also highlights the complexity and 
interactions of factors that could influence body composition and in fact suggests 
careful considerations when prescribing cold water immersion therapy, particularly 
to athletes in weigh-restricted sports. This possible interaction between chronic 
exposure to cold water immersion therapy and body composition, potentially 
mediated at least in part by a change in energy intake, warrants further investigation 
and proposes an individualised approach in prescribing of cold water immersion as 
part of everyday recovery strategy.  
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8.7 CONCLUSIONS 
DXA offers the advantage of being able to rapidly provide detailed information 
on the body composition of athletes, including lean mass estimates of regional areas 
such as arms, legs and trunk that cannot be provided by field-based physique 
assessment techniques such as surface anthropometry. However, the current literature 
on body composition assessment by DXA in sports settings has gaps in knowledge 
surrounding the scanning protocols in use and their precision of measurement. A 
Best Practice Protocol for measuring body composition in athletic populations should 
offer known precision with a minimisation of variability of technical and biological 
origins. Such a protocol will optimise the precision of physique assessments of 
athletes, assisting applications related to daily practices in athlete preparation such as 
monitoring of body composition, as well as supporting the integrity of sports science 
research. 
The aggregation of common daily activities, including food and fluid intake 
and/or an exercise session, substantially affects DXA body composition estimates 
and the typical error of measurement, especially in total and regional body mass and 
lean mass estimates.  Having athletes fast overnight prior to scanning is the only 
effective way to safeguard the precision of DXA estimates of body composition 
against the unpredictable variability associated with recent food and fluid intake. 
Athletes should also avoid morning exercise prior to undertaking a DXA assessment 
of body composition, since exercise and its associated activities also substantially 
affect DXA estimates and the typical error of measurement. Alternative scanning 
techniques are required for athletes whose physique falls outside the active area of 
the scanning bed of the DXA machine. Estimating whole body composition in broad 
subjects by summing two partial left and right body scans achieves an acceptable 
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precision. In the case of the Lunar Prodigy machine, however, the summation of 
head and body scans to accommodate tall subjects is associated with substantial 
differences and errors. Consequently, more research is needed to investigate practical 
and reliable scanning techniques to accommodate tall and very tall athletes with this 
machine.  
A Best Practice Protocol for DXA assessment of body composition in athletes 
involves meticulous standardisation of techniques throughout the entire process, 
including standardisation of subject presentation (over-night fasted and rested and in 
minimal clothing), positioning on the scanning bed (centrally aligned in a standard 
position using custom-made positioning aids), as well as standardised manipulation 
of regional areas of the scan results. The benefits of such a meticulous protocol need 
to be justified against the additional subject and technician burden and the practical 
costs involved. This can be demonstrated in an applied setting when the additional 
precision achieved by the Best Practice Protocol is able to detect small but 
potentially important or novel differences or changes in physique that would be 
otherwise missed by a less controlled and more variable technique.   
Currently, the calculations of the smallest worthwhile differences or changes in 
whole and regional body composition in athletic populations are based on statistical 
interpretations. Ideally, however, this information should be based on evidence of 
functional or practical outcomes that are important to the specific sport or individual 
athlete. It is likely that there are situations in which small differences or changes are 
important (e.g. calculation of minimum weight in wrestling) and others where larger 
differences or changes are required before it can affect an outcome (e.g. change in 
leg lean mass to substantially increase peak power output in cycling). A Best Practice 
Protocol provides a vital foundation for DXA scanning by ensuring a reliable body 
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composition measure that is able to monitor small but practically important changes 
and assist the determination of functionally-based smallest worthwhile effects in 
future research. Without any information at this point in time, body composition 
assessments of athletes undertaken with DXA should follow a Best Practice Protocol. 
Once information on the smallest worthwhile effect is available, appropriate 
scanning protocols to suit different sports and situations can be devised. 
  
8.8 FUTURE DIRECTIONS 
In this thesis, fundamental reliability issues associated with whole and regional 
body composition assessment undertaken with DXA, with specific applications to 
athletic populations, were investigated. However, there are remaining research 
questions surrounding the reliability of body composition assessment by DXA that 
warrant further investigations. Examinations of these research questions will further 
enhance the precision of DXA measurement and further refine the Best Practice 
Protocol. They are: 
 What is the short- and long-term intra- and inter-tester technical variability 
in demarcating regional body composition estimates (e.g. arm, leg and 
trunk regions)? 
 Does the use of positioning aids reduce the intra- and inter-tester technical 
variability?  
 How much does daily variability in hydration status, commonly observed 
in athletes, affect estimates of lean mass? Can this be corrected for by 
applying an “adjustment” factor? 
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 What is the technical error of measurement (e.g. calculated from repeated 
partial scanning) associated with undertaking partial DXA scans to 
accommodate broad athletes? 
 What is the practical and reliable scanning technique to accommodate very 
tall athletes (specific to Lunar Prodigy machine)? 
 
The larger questions for future research lie with the determination of the 
smallest worthwhile effect/difference/change in body composition that achieves a 
functional or practical outcome of importance to athletes. These are likely to be 
specific to the type of athlete and the parameter of interest, and will require both 
cross-sectional and longitudinal profiling of athletes to determine the relationship 
between a measure of physique and an outcome of performance or health. These 
would be particularly challenging studies to undertake given the time frame required 
to achieve body composition changes of sufficient size to impact on performance. 
Such periods of time can be associated with significant training adaptations. Future 
studies may involve intentional or artificial manipulation of physique traits, for 
example, the effect of positioning a weight on the body or body region on movement 
in various sports activities. Once these are known, they will help to shape the 
activities of research or practice in which interventions are identified to deliberately 
manipulate physique to enhance sporting outcomes.  
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8.9 PRACTICAL SUGGESTIONS AND PERSONAL REFLECTIONS 
Through personal experience from undertaking a large number of DXA scans 
during my thesis, future research may find the following suggestions helpful in terms 
of aiding the workflow and time efficiency.  
 DXA providers and technicians should set up their own Best Practice 
DXA Protocols for body composition assessment, which could include 
positioning aids or other elements suited to the needs and issues of targeted 
populations. If body composition assessments are undertaken through 
commercial providers, the practitioner could provide such Best Practice 
Protocols to the technicians carrying out the scans. 
 Despite the added cost or burden incurred by a Best Practice Protocol, it 
should be considered the default option until or unless information on the 
smallest worthwhile effects on body composition for a particular use 
shows that the highest levels of precision are not needed. As well as 
maximising the potential to detect small and worthwhile changes in body 
composition for known issues, the achievement of the best precision of 
measurement continues to allow for serendipitous findings.  
 For longitudinal monitoring of body composition, it is useful to collect a 
measure of hydration status on assessment mornings, such as urine specific 
gravity. Present knowledge is not sufficient to provide this information 
with great utility, but evidence of major alterations in hydration may at 
least help to explain incongruent body composition estimates. 
 The accumulation and handling of a large amount of body composition 
data from a single research study or an ad hoc longitudinal profiling 
collection from the GE Lunar system is cumbersome. One data 
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management strategy we found helpful was to use the Microsoft Access 
file, located in the same folder as the database in the Encore software. 
Coding system of the Access database is available from GE or authorised 
retailers. Once a “query” is created in Access, the data can be transferred 
to Excel spreadsheets where they can subsequently be sorted and 
manipulated through the use of Pivot table and chart. This process 
streamlines data management and increases efficiency in time and effort 
and reduces human error.  
 
During my candidature, while embedded in the Sports Nutrition Discipline at 
the Australian Institute of Sport, I have become aware of a number of situations 
where body composition assessment by DXA could be implemented into routine 
sports services or applied research. Some of the examples (not exhaustive) are: 
 Longitudinal profiling of athletes. This might be particularly insightful for 
newly developing sports such as rugby sevens where information on body 
composition on the current players is limited and the changes in body in 
these developing players in the next few years are of high interest. 
Collection of body composition data by DXA scans should be also 
undertaken in conjunction with well established tools such as surface 
anthropometry, as well as a new tool such as three-dimensional body 
scanner. This will aid a better understanding in body composition  
measurements between assessment tools.  
 Refinement and targeted manipulation of body composition in individual 
athletes.  While there has always been an interest in gross measurements of 
physique on performance in some sports, the degree of complexity of 
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interest and the number of sports to which is applied has increased.  For 
example, one outcome of the ban on “fast-suits” in swimming has been an 
increase in the interest in measuring and altering aspects of regional 
physique in an attempt to achieve better fluid dynamics in the water.  
 Comparison with established field technique (e.g. surface anthrop). There 
is a potential to develop sport-specific regression equations in predicting 
body composition via surface anthropometry when access to DXA 
technology is limited or considered inappropriate.  
 Assessment of the effects of an intervention (e.g. dietary, training, 
injury/rehabilitation program etc.) on whole or regional body composition. 
In particular, the ability to track changes in regional physique via DXA 
allows greater insight into interventions such as injury/rehabilitation where 
asymmetry between injured and non-injured regions could be expected.  
 Measurement of fat-free mass for the calculation of energy availability. 
This is particularly useful in service and applied research settings for the 
investigation of inadequate eating practices. For example, fat-free mass 
estimates measured by DXA can be used to determine if the athlete has 
reached the state of low energy availability (defined as energy intake 
minus the cost of exercise energy expenditure of ~<30 kcal·FFM
¯1
 day
¯1
) 
(81).  
 Applications in biomechanics analysis, particularly in work with athletes 
with disabilities. For example, in athletes with lower leg amputee, DXA 
can be used to estimate the mass of the proximal segments and stump and 
their respective positions of centre of mass. This information enables the 
determination of inertial properties of the segments of those limbs and 
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consequently the net muscle torques around the lower limb joints during 
running. Also, detailed body composition information generated can also 
provide information on symmetry/imbalance between left and right sides 
of each body region. 
 Selection process. Detailed body composition information can guide the 
selection process, for example, fat-free mass and other physiology 
measures for crew selection in rowing, or to guide the possibility of a 
conversion of a heavy-weight rower to light-weight rower. Body 
composition estimates by DXA would also be invaluable to other weight-
restricted sports.   
 
A personal learning from this work has been that initial plans can be side-
tracked by the recognition that the current body of research and practice is not 
sufficiently solid to allow the intended work to proceed with appropriate rigour.  
Although it might seem disappointing that a “backward” step is needed to justify or 
improve methodology of a technique rather than use it immediately to investigate the 
effect of an intervention, the process can be rewarding in leading to the development 
of a solid framework for others to move forward with, as well as the accidental 
discovery of novel findings. 
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